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PREFACE

This technical report describes the experimental
program for the measurement of bistatic reflection coeffi-
cients funded under Contract F30602-76-C-0037. The
research reported herein was carried out by members of the
Radar and Optics Division, Environmental Research Institute
of Michigan (ERIM) during the period 1 October 1975 to 30

September 1976.

This contract was monitored by Mr. Richard Schneible

of Rome Air Development Center, Rome, New York. The DARPA

Program Director was Dr. D. Walsh, ARPA, STO.

The Principal Investigators for the program at ERIM
were Messrs. R.W. Larson and R.C. Heimiller. 1In addition,
the following persons contributed to the project: (1) Dr.
M. Hidayet, Dr. E.L. Johansen, and Prof. A.L. Maffett in
the analysis phase, (2) Mr. J.L. Auterman, Mr. J.E. Ferris,
Mr. A.F. Fromn, ancd Mr. R.F. Rawson in the instrumentation
design phase, (3) Mr. B. DiTullio, Mr. J. Ferris, Mr. A.F.
Fromm, Mr. F.L. Smith, and Mr. D.E. Wertz in the fabrica-
tion phase and instrumentation test phase, (4) Mr. B.
DiTullio, Mr. A.F. Fromm, Mr. R.F. Rawson, Mr. F.L. Smith,
and Mr. D.E. Wertz in the data-gathering phase, as well as

(5) Mr. A. Gillies, Mr. H.W. Klimach, and Prof. A.L. Maffett

in the data analysis phase. Mr. R.E. Hamilton served as

technical editor while Mrs. C. Randazzo and Mrs. A.
Sadlowski typed the entire report. This effort was con-
ducted in ERIM's Electromagnetics and Electronics Department,

which is directed by Dr. A. Kozma.
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1
INTRODUCTION AND SUMMARY

1.1 INTRODUCTION

In the design of radar detection systems, an often-
used measure of system performance is the probability of
detection for a target of specified cross section. For
most radar applications, cultural objects are the targets
of interest. However, the energy scattered to the radar
antenna from the target must compete with energy scattered
from the terrain that is included within the resolution
element surrounding the target. The latter energy-is re-
ferred to as clutter signal return and the probability of
detection is a function of the magnitude and the statistics
of this clutter return. Considerable (although not always
adequate) empirical clutter data are available from the
literature for backscatter radar geometry. However, very
few radar clutter data are available for the bistatic radar
situation. It is therefore the objective of the present
effort to obtain estimates of the bistatic scattering co-
efficient.

The empirical data resulting from this effort are used
to determine estimates of the bistatic scattering coeffi-
cient I, for 3 and 23 cm wavelength radiation, for like
and cross polarization at each of the wavelengths (a total
of four simultaneous data channels), as well as for a
variety of bistatic angles and two terrain types.

Calibration signals are used to obtain an accurate
measure of the absolute value of received power; also,
system and geometrical parameters are measured to permit
the received power data to be used to calculate values of

o, as a function of the bistatic angles. The basic bistatic

T evei




geometry used for the measurements is shown in Figure 1.
Note that the transmitting antenna is flown in a straight
line path; the receiving antenna is located on a tower and
scans in order to obtain a suitable number of data samples.

A four-channel receiving system provides simultaneous

measurements at two wavelengths and two polarization states.

Figure 2 shows a photograph of the complete receiving in-
stallation. The system consists of two dual-polarization
antennas, two receivers for each operating wavelength, and
four recorder channels. Also, calibration signals are
provided for each receiver. Figure 3 shows the interior of
the recéiving equipment van.

Coherent operation is required in order to measure the
Doppler signal history. The instrumentation therefore in-
cludes a separate transmitter-to-receiver link for the
receiver local oscillator source; the receiving antenna for
this link (along with tracking horn antennas) is shown in
Figure 4. Local oscillator power for each receiver mixer
is obtained using power received from the transmitter via
this direct link. The signal radiated from the bistatic
transmitter is obtained from the basic stable frequency
source used to drive the transmitter. Thus, the complete
bistatic system is coherent and the residual Doppler signal
relative to the scattering area is recorded. The Doppler
shift due to the transmitter illumination angle ®rRACK in
Figure 1 is cancelled out since this shift also appears in
the local oscillater signal.

The transmitter antenna system for the two wavelengths
and for the local oscillator link is shown in Figure 5a;
the transmitter itself is shown in Figure 5b. The aircraft
in which the bistatic transmitter and a synthetic aperture

radar (SAR) are carried is shown in Figure 5c. SAR imagery
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at both 3 and 23 cm wavelengths was obtained as a reference

from which an estimate of backscattering coefficient can be .
made. Calibration reflectors can be seen in the 3 cm

imagery shown in Figure 6.




e

Example of 3 cm Wavelength Imagery

Figure 6.
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1.2 SUMMARY

This repori: describes work which was performed during
the period from 1 October 1975 through 30 September 1976.
The objective of this nrogram was to collect empirical data
from which to obtain an accurate estimate of bistatic clut-
ter statistics. Instrumentation was used which matches, as
closely as practicable, the configuration expected in a
typical operational bistatic system (except that, here, an
aircraft and a ground tower were used for transmitting and

R ST

receiving, respectively, instead of two aircraft). A block
diagram of the complete system is shown in Figure 7. The

Lo

%_ program was conducted in four phases: ,
1. analysis of the bistatic clutter measure-
ments experiment,
2. design and construction of necessary equipment,
E 3. performance of the data-gathering experiments,

and
4, reduction of the empirical data.

Simultaneous empirical data were obtained at 3 cm and 23 cm
wavelengths, with like and orthogonal polarizations at each
wavelength. The experiment prcvided coherent data, sampled '
and recorded on a pulse-by-pulse basis, from each of the :
four channels. The following tasks were completed during ;
the program:
1. An analysis of the bistatic coherent measure-
nent system for two wavelengths and twe
polarizations. ‘

2. An analvsis describing the empirical date
expected and the. calibration requirements;

also, a system error analysis.

3. The specification of measurement geometry,

W e WA T
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system operating parameters, and instrumenta-
tion requirements.

4, Using the results from (3), the design and .
fabrication of the four-channel measurements
instrumentation, the -ocherence and synchron-
ization link, and the calibration system;
also, the measurement of total system response.

5. The writing of computer programs for data
digitization and analysis; also, the implemen-

tation and testing of these programs.

6. System test and data gathering at two test

sites.

7. Data evaluation and digitization; also the '
delivery of digital data tapes to General
Research Corporation (GRC) and to Radio
Corporation of America (RCA) for analysis.

8. An analysis of the empirical data to deter-
mine values of the bistatic reflection
coefficient as a function of the bistatic
angles.

9. Documentation of the instrumentation.

10. Documentation of the data analysis technique

e and the computer programs.

11. Granhical presentation of the bistatic scat-
tering coefficients; also, an estimate of the

. error.

12. The collection of radar imagery of the test

sites and the determination of backscattering

coefficient values. I

The measurement technique utilized is illustrated in




Figure 1. Receiving apertures are mounted on a tower and
their field of view is scanned through an azilmuth angular

interval A SCAN. The scattering area is illuminated using

the radar transmitters in ‘ERIM's C-46 radar aircrafr as

sources. Radiaticn at two wavelengths is transmitted

simultaneously and horizontal polarization is used in both

transmitter channels. As the aircraft flies along a path

1-2 (Figure 1), the transmitter antennas are scanned so as

to spotlight the scattering area. The receiving antenna

scan rate is adjusted so that one scan is completed during

a period in which the transmitted illumination angle

changes by approximately 5 degrees. Measurements were made

for the bistatic angles listed in Table 1; priorities for

the selection of angles 6, and 8, were determined by CGRC.

To obtaln estimates cf the values of Gy empirical values

of received power are substituted into the bistatic equation

(see equation 3) along with the experimenrtal geometrical param-

eters, and the equation is solved for O, 8¢ 3 function of

bistatic angle. During data analysis, values of received

power are averaged over approximately 5 degrees of azimuth

angle. It is assumed that the function a, is a slowly-varying

function of azimuth angle and that therefore the 5-d=agree

truncation does not obscure any fine~scale structure in the

% characteristics. This assumption is based on a considera-

tion of available data [1].

The aircraft carrying the transmitter was tracked
during each data pass and the nominal illumination angle

(that is, the PTRACK angle) at the receiver site was recorded.

S 1. W.H. Peake and T.L. Oliver, The Response of Terrestrial
E Surfaces at Microwave Frequencies, Report No. AFAL-TR-
70-301, Electroscience Laboratory, Ohio State
University, Columbus, May 1971.
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i Site 1 (flat 85 80 0-105
o grass and 75 0-105 .
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- dry) 50 0-105
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Similarly, the receiving antenna azimuth angle SCAN was
recorded, The difference between these two angles is the
bistatic azimuthal, or ouvt-of-plane, angle ¢S. Based on
the results of an error analysis (discussed in Section 6),
the estimated error in 9% values obtained is 6 dB.

Reviews of the system analysis are included in Section
2 and in Appendix A. Descriptions of the instrumentation
are included in Section 3 and in Appendix B. Data analysis
procedures and computer programs are presented in Section
5 and in Appendix D. The results obtained are discussed
in Section 53.7; the results of the analysis of all data
that were determined to be usable are presented in Appendix
E. A sunmary of the bistatic data obtained is given in

Table 2.
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TABLE 2.

Data
Gathering Flight

7/2/76

7/9/76

1/17/76

Data on
Analog Tape

All passes,
1-10
2 calibrations

All passes,
1-7
2 calibrations

All passes,
1-12
4 calibrations

SUMMARY OF BISTATIC DATA

Digitized Data

2 calibrations

passes 2,5,6,7
2 calibrations

passes 3,4,5,6,
7,9,10,11,12
4 calibrations
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MEASUREMENT THEORY AND REQUIREMENTS

The quantity to be measured in this program is the
value of the bistatic scattering cross section density
co(ei. By ¢S) for a range of bistatic angles 04, es and g
as defined in Figure 1. The basic conceptual block diagram
for the measurement system (Figure 8) shows that the measure
of received power after processing is proportional to the
value of 9g° Using the generalized geometry shown in
Figure 1, the relationship between 9, and the measurement
parameters (both system and geometrical) is derived in the
following paragraph. The mathematical terminology used
throughout this report is defined in the List of Symbols

provided at the back of the report.

Power incident on a scattering area Agd is given as

“or
m ri

and the power incident on the receiving antenna aperture
is given by
P! = P! A .o —t (2)
T i7gd "o, 2

T r

S

Utilizing Eqs. (1) and (2) and the fact that Pr = (P; GOR fR)/Qﬂ,
the received power can be written

GAp G

0T "OR £ f (3)

P_=P r R

. o. A
T i (4n)3 riZ ;3 o gd

Solving Eq. (3) for o, in terms of the antenna responses and

17
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the total scattering area to account for total antenna
(including sidelobe) contributions, gives

[ Pr
9% % P KT (4)
l i
where,
2
, K - A" Ggp Gog L
| (4m)°
1
and

| . j’ fT fR ng h;t(A)]dA
, Agd r;" o

I

The parameter K includes the fixed value of wavelength,
receiving and transmitter maximum gains, as well as total
system losses. The integral I includes the angle- and
time-dependent parameters of antenna angular response,

along with range, transmitter waveform, and scattering area.

BN et o

The parameters on the right side of Eq. (4) are meas- ;
ured during the data gathering. Data reduction then involves é
B

the computation of O using these parameter values.

2.1 EXPERIMENTAL APPROACH

.

There are several measurement techniques that can be i;

utilized to obtain an estimate of the bistatic scattering 3

coeffigiént G- Clearly, the measurement technique used
must satisfy the following basic requirements:

1. the geometry must be defined,

2, the scattering area, Agd’ must be determined, ﬁ
3. the system parameters must be measured, and - ﬁ
4 the parameters must be calibrated. [
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The spotlight measurement technique utilized in the work
described is illustrated in Figure 8. Other measurement
techniques were considered; these are discussed in Appendix
A along with the reasons for rejecting them.

In the bistatic terrain measurement system, 3 and 23 cm
power is radiated from the C-46 aircraft to the ground, and a
ground-based system receives and records the scattered signails
from the terrain to provide a measure of scattered power P..
An analysis of these data thea provides information on bi-
static terrain scattering. As a result of planning studies,
the aircraft is flown along a straight line past the crane
holding the receiving antennas. The aircraft has wide-~beam
antennas which illuminate the ground in thne vicinity of the
receiver, and the receiving antenna scans the same terrain
as the aircraft passes. The receiving antenna provides
selectivity to isolate terrain patches. A pulse signal pro-
vides range gating to isolate the direct and scattered sig-
nals. Doppler information has not been used for azimuth beam
sharpening, although this could be done using the raw data
obtained from these measurements. The output consists of
9 values as a function of the bistatic angles. Measure-
ment priorities™ have indicated that the low grazing angles
(large incidence and scattering angles) are the most impor-
tant. Data were obtained at the angles indicated in Table 1.

2.2 GEOMETRY

Figure 1 is a sketch of the measurement geometry and
the nomenclature adopted. The maximum aircrafc height did
not exceed 14,000 ft, and the receiver height was 45 ft at
Site 1 and 100 ft at Site 2. To obtain large valiies of Og

*Based on discussions with Dr. David Walsh, DARPA and with
Mr. J. Belyea and Dr. G. Ackinson of GRC.
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and to maximize the received power, the aircraft should fly
tiedr to the receiver; however, the receiving antenna must

then slew rapidly at short ranges. The distance to the
aircraft is thus a compromise.

Table 3 lists the ground distance X, and the aircraft
height Ya for four typical geometries with b, = 20, 40, 60,
and 75°, Figure 9 presents curves of AT versus SCAN,
where AT is the difference in path length between the direct
and scattered signals. As the incidence angle ei increases,
AT decreases; this makes separation of the direct and
scattered fields more difficult. A pulse system is used
to isolate the direct signal from the bistatic; a 90 nsec
pulse width (Section 5.8) corresponding to a theoretical
resolution of 90 ft is used throughout. Since the path-
length difference is only 90 ft when 6, is 60°, it is not
possible to separate the direct and scattered signals at
greater incidence angles. It is, in fact, difficult to
separate these signals at 60°, because the received signals
do not have a rectangular envelope. Thus, an additional
delay § is provided; the minimum § value of 30 nsec is used
to insure that the direct signal is rejected. Figure 9
also indicates that range gating will be ineffective for
discriminating against particular signals entering through
the sidelobes. With a 90 ft range gate, signals for a
wide GS interval are time-coircident; however, with antenna
sidelobe levels of -24 dB or less and with thresholding in
the receiver, the sidelobe response is minimal.

The contours of constant time delay are closer to-
gether when ¢S is not zero, and time discrimination will be
more effective. However, time discrimination still cannot

be counted on to gate sidelobe energy out of the receiver

completely.
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TABLE 3. FOUR TYPICAL GEOMETRIES
[yl = 100 ft V = 250 fps]
= ° = q°
B 12 0 = 0
%) V2. MRuin % = 9% Scan Time
(¢33} [¢43) €3] (deg) (sec) .
3,676 10,000 188 20 7.4
8,476 10,000 153 40 9.1
17,493 10,000 99 60 14.0
25,373 6,698 51 75 18.1
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Table 3 alsoc lists the receiver antenna scan times for
the four geometries with a 10° transmitter beam; the scan
time varies from 7.45 to 18 seconds. The receiving antenna
must have a slew rate commensurate with 7.45 seconds to
collect data from all ground patches of interest before the
transmitter illumination angle changes by 5°.

With a receiver antenna beamwidth of 50, the values of
A8 and Ad will be approximately 5°. The geometry deter-
mines the spread 46,. Calculagions using the four geometries
in Table 3 show that ABy < 0.7 in all cases during each
antenna scan. With a scanning antenna, the change in A¢g
during the time when data are being collected from a reso-
lution patch will be small; if data are collected from 30
patches during a pass, A¢; will be about 1/3°,

2.3 SYSTEM REQUIREMENTS

2.3.1 ANTENNA PARAMETERS

Table 4 lists the major parameters for the transmitting
antennas in the aircraft and the r2ceiving antenna on the
tower. There are two transmitting antennas, one for 23 cm
and one for 3 cm wavelength, which have dual-polarization
capability; these permit collecting data with both hori-
zontal and ve' tical transmitted polarizations on different
flights.

The receiving antennas are more complicated than the
transmitting antennas. They must have dual-frequency and
dual-polarization capabilities, that is, they must receive
both horizontal and vertical polarizations at 23 and 3 cm
wavelengths. Also, there must be adequate isolation (25 dB
or more) between the vertically and horizontally-polarized
feeds for accurate simultaneous measurements of like and
cross-polarized 9y values.
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TABLE 4, ANTENNA PARAMETERS

A. Transmitter

Polarization (Capabilities:
V or H)

Cross-Polarization
Isolation

Center Frequency
Maximum Bandwidth (3 dB)
Horizontal Beamwidth (3 dB)
Vertical Beamwidth (3 dB)
Peak Antenna Gain

(referred to isotropic)

B. Receijver

Polarization

Cross-Yolarization
Isolation

Centex Frequency
Maximum Bandwidth (3 dB)

Beamwidth (3 dB; Horizontal
and Vertical)

Peak Gain

Aperture Diameter
Gain (Sidelobe Region)
Highest Sidelobe
Mount

Minimum Scanning Speed
Time to Reach Speed
Position Readout Accuracy
Azimuth Scan Angle
Elevation Scan Angle

Maximum Safe Wind Loading
During Operation

+ et =

i
Wavelength : 1
228 cm  3.17 em -
H H
i
>20 dB >25 dB y
1.315 GHz  9.450 GHz %
100 Miz 100 MHz ;
12° 12°
90° 13°
16 dB 22.2 dB
V & H V &H
>31 dB >27 dB
1.315 GH=z 9.450 GHz
100 MHz 100 MHz
50 50
30 dB 31 dB
3.1m 45 cm
0 dB 0 dB
<-25 dB <-25 dB
Inverted elevation over
azimuth ;
25%/sec i
=2 sec :
<]_o
0-360° (in segments) z
0-90° }
10 mph %_




7 The 5° antenna beam requirement determines the sizes o
- of the receiving dishes. (A narrower beam would be pre- .
ferable, but there are mechanical problems associated with
the correspondingly larger physical size at 23 cm.) The
23 cm wavelength antenna is therefore about 305 cm in
i : diameter while the 3 cm wavelength antenna is about 46 cm
» in diameter. The gain in the sidelobe region is approxi-
mately unity. Aperture weighting is used to lower all
sidelobes 25 dB or more below the mainlobe. An elevation-
over-azimuth type of pedestal is émployed; this is mounted
in an inverted position as sketched in Figure 10. With
this type of pedestal, es is constant and ¢S is variable
during a data run. The geometry with the smallest incidence

T
Gl

angle requires the fastest antenna slew rate; here, the ,
antenna must scan all data points within 7% seconds,

requiring a rotation speec of about 25%°/sec. The antenna

must also reach maximum scanning speed quickly once the scan

has started. A position readout accuracy of about 1° or

better is needed.

2.3.2 TRANSMITTER AND RECEIVER PARAMETERS

Tables 5 and 6 list the transmitter and receiver
parameters for the two frequencies. The transmitter uses
components presently in ERIM's C-46, the major change
being the transmission of a 50 nsec pulse instead of the
chirp pulse normally used for synthetic aperture mapping.
Because of the narrow pulse width, the average power trans-
mitted is low. During any oune pass, the transmitters can k
be connected for either horizontal or vertical polarization. ;
However, only horizontal polarization was transmitted

during this data gathering program.

The receiver needs to be coherent in order to permit
i
the recording of Deppler history and th a coherent local - ),

28 {
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Figure 10. Receiver Antennas and Pedestal
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TABLE 5.

Center Frequency
Bandwidth (3 dB)
Peak Power Output
Average Power Output
Pulse Width

PRF

Losses

TRANSMITTER PARAMETERS

Wavelength
22.8 cm 3.17 cm

1.315 GHz 9.450 GHz

>100 MH=z >100 MHz
5 kW 0.5 kw
1.8 W 0.14 W
90 ns 70 ns
4000 4000
0.5 dB 1.9 dB
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TABLE 6. RECEIVER PARAMETERS
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, b . 22.8 cm 3.17 cm
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: Mode _ Coherent Coherent

oo Channels ' 2 (V&H) 2 (V&H)

: Bandwidth (3 dB) 30 MHz 30 MHz
Noise Figure 4 4B 5 dB

i ; Lo-ses 2 dB 2 dB

L Range Gate Width 1.6 usec 1.6 usec

Minimum Detectable Signal -78 dBm -75 dBm
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oscillator link is required; however, no Doppler processing
is anticipated during the present program. There are two
channels in each receiver, one for horizontal and one for
vertical polarization. Since it is not feasible to record
pulses as narrow as 50 nanoseconds, there is a sample-and-
hold circuit in each channel to simplify recording; the
width of the sampling time is 10 nanoseconds. The outputs
of the four channels are recorded on magnetic tape together
with other information necessary to associate the data
recorded with the pass number and time during the pass.

2.3.3 POWER CALCULATIONS

The signal-tc-noise (S/N) ratio at the input to the
receiver must be high enough for adequate measurement
accuracy. The starting point for this calculation is the
bistatic radar equation [2]

S

— = 5)

N 3 2 2 (
(4m) kTN BR,“ R

For a distributed target, the cross section equals the area
the receiving beam illuminates times o ; thus,

_ 2 2
o = Oo(Rs Br sec 63/. (6)

This equation assumes that the range gate is wider than the

width of the ground patch which the receiving artenna

illuminates. The S/N equation now becoumes

2. F.E. Nathanson, Radar Design Principles, McGraw-Hill
Book Co., New York, 1969, Ch. 2.
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2 2 i
s _ Pi GT GRL A Yo Br sec es
S . ; (7)

N 3
(4m) KTy BRi

which is independent of the distance Rs'

With the coherent addition of N pulses, the $/N ratio
will increase by a factor of N. Now N is equal to the
product of the time the trausmitting antenna illuminates
the receiver and the PRF divided by the number n of patches
for which data are collected:

. 8, R (PRI):

N = nV (8)

After coherent integration, the S/N equation becomes

2
~ Pav GT GRL AT o, By B, sec B

(47)°> kTR, uV

2w

assuliing the pulse width is the reciprocal of the bandwidth
B. Note that the S/N ratio varies tnly with the iwnverse
transmitter distance Ri'

Actual S/N ratios have been compuied based on the
experimental data gathered under this pregram. Computer
printouts of tlhese recults are presented in Appendix C.

Another pertinent quantity is the ratio ol the direct
power ro the scattered power (Pd/Ps). The direct power
enters through the sidelobes of the receiving antenna and
the scattered power through the mainlobe. Using the bi-
static radar equation and the free space transmission
formulas between two antennas, the following equation can

be derived:

it il e i o
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Pd _ 47 GRsl 1o
P 2 5 G (10)
s Oo Br sec b, Gp

2.4 INDEPENDENT SAMPLES FOR BISTATIC DATA

One of the problems which must be considered in this
program is that of obtaining a sufficient number of data
samples. Since the statistics of o can be considered as
raundom variables, adequate sampling is required for an
accurate average value of CP Independent samples can be
obtained by means of the following mechanisms:

1. receiving antenna selectivity,
2. Doppler shift because of transmitter motion, and
3. motion of wind-blown clutter.

There are two possible modes of operation when the
aircraft passes the receiver. The trausmitting antemnas
can be aimed normal to the ground track of the aircraft,
or they can spotlight the receiver area. The spotlight mode
of operation has the advantage of increasing the data
collection time and hence the number of samples obtained.
Therefore, this mode of operation is used in the present

program.

2.4.1 RECEIVING ANTENNA SELFTTIVITY

Independent samples are measured when the receiving
antenna is pointed at different spots on the ground. The
receiving antenna has a 5° beamwidth at the half power
points. Assuming that the antenna will scan over an angular
interval of 140°, there are about 140/5 = 28 independeat
samples taken during each pass if the transmitter beam is
aimed normal to the ground track.

St MM ik e e

- -

o

———,




;
With spotlight operation, the time on target is much

. greater, and it is possible for the receiving antenna to

o scan several times during each pass. Because the receiving

antenna beamwidth is 5%, the samples on successive scans
will be independent if the transmitter moves 5° between

i scans. Assuming that it will be possible to make 8 or 9
independent scans during each spotlight pass, the number
of independent samples will increase by a factor of 8 or ¢

to a total of 224 or 252.

Increasing the number of independent samples improves
the U, @verage considerably. As a result of making several
scans per pass, there are morz data to be processed, and

the processing is more complicated. For example, it
should be noted that 0y will change during a spotlight
pass as shown in Tables 7, 8, and Y.

2.4.2 DOPPLER SHIFT

Because the transmitter is moving, there will be a
Doppler gradient across the patch which the receiving
antenna i1lluminates. From Skolnik [3], the correlation

function between sample measurements of the return from

the patch will be down tc 0.2 for a sampling time interval

B ey oy i

'I‘i where

ey

= 0.65

T

35

é,

The Doppler shift Afd across the footprint is E
,

. Afd = 'x (Sin (I)il - sin ¢i2) (12) %

i

3. M.I. Skolnik ed., Radar Handbook, McGraw-Hill Book Co., &
New Yoxrk, 1970, Chap. 25, p. 15. ! :g
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It can be shown that

. By Rs
sin ¢il ~ 8in ¢j2 = -:ﬁf—' . (13)
’ i
Thus,
v B_ R
_ r s
S Tl ()
i
and
0.65X Ri
T, = ————— (15)
i Br RS v

The number of uncorrelated samples n per beam position
equals the ratio of the time on a patch, T_, to T;. For a
fixed transmitting antenna (assuming 28 beam positions per
scan), it can be shown that

n:&é BtRi.—éE—-.BrRS
Ti 28V Ti 18X :

For the 90° spotlight case, the total Tp at one of the
28 beam positions is

_ i
Tp = 737 (16}
and
B_ R
_ Pr Bg
n o= —g— , (17)

assuming only one receiver scan per pass. The number of
independent samples from the footprint is obvizusly much
greater with the spotlight mode of op:ration.

T-ble 10 lists some values from these formulas. For

bl
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- ; TABLE 10. TINDEPENDENT SAMPLES PFR RECEIVER BREAM
; - PUSITION CAUSED BY DOPPLER SPREAD

Number of Independent

gg Samples . ;“
- . Fixed l

L §53§2e53n§ Transmitter o
i Wavelength (}) o 8 Beam Spotlight -

r
tr s |, . s

182 9\

o =

22.7 0 0.10 1.28
60 6.20 2.56

- 3.17 0 0.96 9.14
60 1.92 18.29

KD o e Cata

These values are for one receiver scan per pass.
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a fixed beam transmitter antenna, there is less than one
independent sample per receiver beam pcsition at 23 cm;

Il i I
B L . el s T Rl

hence, the Doppler shift does not increase the number of
i independent samples over that obtained from the receiving

antenna selectivity. For the spotlight case, a couple of

28

independent samples occur per bean position for values of

Bg > 45°. At 3 cm, the values of n are higher by a factor
; of about 7. Except for the spotlight case at 3 cm, the

gt W\!lnujl E u:w:u:' ’wl‘“‘"‘:ﬁ

|

- : Doppler spread does not a1dd many independent samples beyond
! - the single sample resulting from the receiving antenna

i selectivity.

What the Doppler shift does is give niore independent
samples from each terrain patch being measured. With more
samples, the median value of the return from the patch is

 determined more accurately, but the number of independent
patches measured does not itself increase.

2.4.3 WIND FLUCTUATIONS

The wind nhanges the orientation and position of

vegetation, causing land echo to fluctuate. The width of

the clutter spectrum depends to a small degree on wind
speed and on the terrain.

There are no wind-fluctuation data which apply
specifically to the type of terrain which has been measuvred
in the bistatic experiment. Some clutter spectra have been
measured at 3 cm for trees in a l2-knot wind; here, the
clutter power was down 3 dB at 7 Hz [4). For a Gaussian

clutter spectrum, the time between independent samples is _
approximately i

4. M.W. Long, Radar Reflectivity of Land and Sea, Lexington
Books, D.C. Heath and Co., Lexington, Mass., 1975,
. Fig. 5-9.




Il U O

g 1
5 T (18)
$ 4E1 /2

, : At 3 cm, therefore, a decorrelation time of approximately
- é 36 milliseconds might be expected. T the total scan time
is 7 or 15 seconds, the number of independent samples at
each beam position will be about 194 and 388, respectively.

iyl

The clutter spectral width is roughly proportional to
center frequency, according to Ref. 5. Based on this, the
1 decorrelation time at 23 cm is approximately 7 times as
i long and there are only about 1 or 2 independent samples .

at this wavelength.

Decorrelation because of wind motion gives a better
average value for the return from one ensemble point. If ;
the terrain were a uniform area such as a wheat field, the
. 2 decorrelated samples from one patch might give the same
1?; statistics as would samples taken from different ensemble
points. 1In general, however, ensemble sampling yields

S

T P

different results.

2.5 SUMMARY OF ADVANTAGES OF SPOTLIGHT SCANNING TECHNIQUE

.“%.E The area near the receiver is spotlighte:i to in:rease
e the time on target, and the receiving antenna is scanned
f?;: back and forth several times during a pass. A given terrain
;7 ; patch is sampled at different ¢g values during each scan;
1{{;" hence, samples are obtained from many different ensemble

::' points during a single pass. Data from an ensemble of

fj‘? patches is preferable to several independent samples from
Y a single patch, unless the terrain is very uniform.

5. M.W. Long, Radar Reflectivity of Land and Sea, Lexington -
Books, D.C. Heath and Co., Lexingtou, Mass., 1975, by
Chap. 5.

T
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Since the receiving antenna is scanned several times
during each fly-by, Doppler spread and wind motion do not
increase the number of independent samples from a single
ensemble point. If the receiving antenna were to scan
only once during a fly-by, these factors would significantly
increase the number of independent samples at 3 cm but not
at 23 cm. More independent samples at one ensemble point
give a more accurate mean value of the cross section den-
sity for that point.
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3
INSTRUMENTATION

All of the instrumentation described in this section
! was designed, constructed, and tested as a part of the dual-
frequency, bistatic~scattering-coefficient measurements
program. This instrumentation consists of:

(a) two-channel receivers for 3 cm,
i (b) two-channel receiver for 23 cm,
: (¢) aircraft-to-ground data link for local .
oscillator to permit coherent operation,
(d) automatic monopulse tracking system,
(e) control circuitry,
(f) recording interface for analog and chart
recorders,
(g) automatic calibration system,
(h) two-wavelength, dual-polarizafrion antenna
system, including automatic sector scan,
(1) analog-to-digital data conversion system,
(j) digital data averaging program, and
(k) digital data analysis program to accept
: experimental parameters and calculate

o _ values.
o

In this section that part of the instrumentation used to

obtain and record the basic bistatic signal data is de- ;-

scribed; this description includes items (a) through (h) 2
, of the above list. Data analysis (items i,j, and k) is
, discussed in Section 5.

GLrEremg

A functional block diagram of the complete instrumen-

! : tation used (1) for obtaining measurements of the bistatic

5} 5 terrain clutter data and (2) for analyzing the data to

' f determine values of 9 is shown in Figure 7. A summary

? of the instrumentation parameters is provided in Tables .

g "Wﬂ"mvmnuu“__
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4, 5, and 6. Detalled drawings of the instrumentation are
given in Appendix B.

3.1 TRANSMITTER SYSTEM

The bistatic transmitter consists of the transmitter
portion of the ERIM X-L synthetic aperture radar (SAR)
system. This system is installed in ERIM's C-46 aircrafc
as shown in Figure 5b. A block diagram of the complete
transmitter system, including the local-oscillator trans-
mitter for the coherent link, is shown in Figure 11.

The antenna system uted with the bistatic instrumen-
tation conaists of (1) a seven-element array with log-
periodic elements for the 23 cm wavelength band (Figure 5a),
(2) a 22 dB standard gain horn (Scientific Atlantic Model
12-8.2) for the 3 cm wavelength band, and (3) an antenna for
the air-to-ground local oscillator link. The parameters
for the bistatic antennas are listed in Table 4. The
complete antenna system is mounted on a pedestal to permit
360° rotation of the antennas. A synchro angular read-out
is provided to accurately point the antennas with respect
to the airframe.

Two cavity stabilized klystron oscillators are used to
provide drive power for the bistatic traveling-wave-tube
power amplifiers. The bistatic transmitter outputs are
summarized in Table 5.

For the L.0. data link, a portion of the power from
each of the bistatic klystrons is frequency offset by 100 MHz
and amplified by a TWT to a level of +37 dBm at the L.O.
antenna input. This antenna is a 2(0-degree horn having a
gain of about 17 dB; it transmits to the ground receiving
site via a direct-path link in order to provide local
oscillator power for the receiver. in addition to the

EE
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frequency shift, filteving is used to provide isolation
between the bistatic and the local oscillator signals.

3.2 RECEIVERS

Seven receiver channels and associated antennas are
included in the ground receiving instrumentation, as shown
in Table 11. Photographs of the receiving installation
are shown in Figures 2 and 3; a block diagram of the re-
ceiving system is provided in Figure 12. Each of the four
bistatic receiver signal channels consists of conventional
low-noice front end design followed by linear amplification
up to the detector stage. Table 6 lists the minimum
detectable signal and the bandwidth for each channel.

The detector circuit in the bistatic recelver is a
sample-~and-hold device, designed to attain bandwidth re-
duction and to permit each sample pulse to be recorded on
the Ampex 1300 analog tape recorder. A detailed operational
description of the complete receiving system is provided
in Appendix B; this description includes detailed diagrams
and schematics.

The L.0O. data link receiving antenna has a gain of 30 dB
and the L.0. receivers have minimum detectable signal levels
of -85 dBm. During the data-gathering period (when the
aircraft transmitter is tracked), the L.0. S/N ratio is
greater than 25 dB.

Local-oscillator power is provided from the radiation
received from the transmitter aircraft; it is then amplified
and mixed to the desired frequency. There were occasions
during the experiment when the receiver local-oscillator
power was low, due to tracking error and/or to great
distance betwegn the ground station and the aircraft; at
these times, inadequate power was available for the receiver

47
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TABLE 11, RECEIVER CHANNELS AND ANTENNAS

Receiver Channel

23 cm wavelength, like polarization
23 cm wavelength, cross polarization

3 cm wavelength, like polarization
3 cm wavelength, cross polarization

Local oscillator (high)
Local oscillator (low)

Tracker signal

}

!
}

Antenna

3.1 m dish
dual feed

46 cm dish
dual feed

46 cm dish

dual horns

"R TR o W g

B R
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mixers. This condition was indicated by a power-level meter
on the operating panel and by a trace on the chart recorder
record. Receiver gain variations as a function of local-
oscillator power are given in Appendix B.

3.3 BISTATIC RECEIVING ANTENNAS

Two antennas, one each for 9.45 GHz and 1.315 GHz have
been designed, fabricated, and tested for use with the
dual-frequency bistatic receiving system. The design goals
for the antennas were as follows:

1. 3 dB beamwidth = 5°,

2. first sidelobe level £ -25 dB,

3. polarization: wvertical and horizontal
with respect to the local ground,
polarization isolation = 25 dB, and

5. minimum cost.

To me~t the above goals, a conventional parabolic reflector
with its feed mounted in a plane parallel to the aperture
plane at the focal point of the parabola was chosen for
each of the antennas. Such a feed obviously blocks part

of the antenna aperture.

In the design of the receiving antennas, it was
necessary to consider illumination taper and aperture
blocking. Properly tapering the illumination from the
center to the edge of the dish decreases the height of the
first sidelobe [6]. However, as the taper is increased,
the aperture blockage increases, and this latter factor
degrades sidelobe performance [7]. As a result, a compromise

6. Microwave Journal Technical and Buyer's Guide,
February 1, 1968, p. 132.

7. Op. cit., p. 133.
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was made between these two factors in evolving the final
antenna designs; these designs are discussed in Appendix B.

A close-up of the;three-meter-diameter and the 46-cm-
diameter parabolic dishes is shown in Figure 13. The
tracker's dual-horn antenna system is pictured along with
the 46 cm dish used in the local oscillator link in Figure 4.
Also included in the recelving instrumentation are two
pedestals; one is for the two dishes used with the bistatic
data channels and the other is for the tracker and local
oscillator antennas. Angular synchro read-outs are provided
for both antenna pedestals. An automatic angular sector
scan is provided for the data channel antenna system and
an automatic tracking antenna system is used with the local
oscillator link.

3.4 TRACKER

An automatic monopulse tracker (Fig. 4) system provides a
continuous monitoring of the track angle as measured from é
tue receiver site to the airborne transmitter. The mono- :
pulse tracker receives the high-frequency local-ocscillator
signal transmitted from the aircraft and uses this signal
to track the aircraft during the entire data-gathering run;:
the S/N ratio of the tracking rece.ver exceeds 15 dB duriug
the run. The tracker utilizes basic dual-antenna, dual-
channel techniques to generate an error signal from a
comparison of the two signals. This error signal is used
to drive the antenna pedestal to cowplete the feedback loop.
The receiving antenna for the local-uscillator channel is
also mounted on the tracking pedes:ial to ensure a maximum
and constant local oscillator powei' level for the bistatic

ST
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3.5 BISTATIC SCAN AND TRACKER ANGLE CALIBRATION

The bistatic antenna scan and tracker angles are
calibrated with reference to a precision angle indicator
(PAI). A DC voltage corresponding to the PAI readout is
recorded on the tape and analog recorders. The recorders
are run for several seconds at ircremental angle readouts
of 10° whenever possible from 0° to 180°. 1In additiom to
the absolute calibration of the angles, the same staircase
voltages used for the RF calibration are recorded. These
step voltages serve as an indication of any voltage drift
problems which may occur during ope~ration. The step angle
calibrations are recorded at the same time that the RF
calibration is carried out.

O T T
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4
DATA GATHERING

Operation of the bistatic measurements system was
divided inco four phases for each data gathering problem:

(L) preparation and calibration,
(2) data gathering,
(3) data evaluation, and

(4) preparation of data for analysis.

Each phase involves several procedures to insure that best
accuracy is achieved for the final data output product.

4.1 PREPARATION AND CALIBRATION

Site selection is the first consideration in the
preparation for data gathering. Two test sites were used;
views of the teiirain as seen by the receiving antennas
are given in Figure 14 for Site 1 and in Figure 15 for
Site 2. Site 1 consists of a very flat section of cement
taxiway and an adjacent grassy area. Site 2 counsists of
an area of tall weeds and scrub trees. The basic charac-
teristics and ''ground truth" describing the two test sites
are given in Section 5.8. The flight paths selected for the
aircraft are shown in Figures 16, 17, and 18. These same
paths were flown for the measurements at both test sites.

The range of angles SCAN over which the receiving
antenna will scan are selected during the preparation
phase and set into the automatic scan control. All angular
calibrations are referenced to magnetic directions so as
to be compatible with aircraft headings. The calibrations
for the bistatic receiver channels, angle chaunels, and AR
channel are recorded on both magnetic tape and on the
chart recorder. Calibrations are recorded before and after
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each flight; an example of the chart recorder calibration
read-out is shown on Figure 19. During the preparation
phase, an instrumentation checklist is employed; this list
is shown in Appendix B.

4.2 DATA GATHERING PHASE

The procedures followed during the gathering of bi-
static data are illustrated in Figure 1. Each data
gathering flight consists of a number of passes flown as

" illustrated in Figures 16, 17, and 18. Variations in the

incident angle 0, are obtained by varying the flight altitude
and/or the offset distance from the receiver.

Summaries of the measurement parameters for the three
data gathering flights are given in Tables 7, 8, and 9; a
total of 9 hours of flying time was involved in these flights.
A summary of the bistatic angles for which data were obtained
is given in Table 1. All data arxe averaged over 5° inter-
vals of the bistatic scattering angles, as discussed in
Section 5. Figure 2 is a photograph of the complete bi-

g e

static receiver instrumentation in operation during the
data gathering flight of 17 July 1976.

A sanple of the chart record made in real time during
each data gathering pass is given in Figure 20. This
example shows about 50 seconds of data. Note the scan
record of the receiving antenna; about 6 complete scans
are shown. The receiver-to-aircraft tracker angle is also
recorded. The AR channel is integrated for the chart re-
corder, nut is fed on a pulse-by-pulse basis to the analog
tape recorder. The lower four chart-recorder channels are

received power signals; these signals are passed through

a logarithmic amplifier prior to being fed to the chart

recorder, but are recorded linearly on the analog tape. i~-h
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Over 40 dB of instantaneous dynamic range are realized in

" the analog tape channels.

Complete logs are kept during each measurement pass
of each flight; examples of these logs are included in

Appendix C.

L 4.3 DATA EVALUATION

?? ; Since the data are to be digitized before processing,
& : ) a two-step data evaluation procedure is used. The first
step uses the chart record obtained during the data

o gathering; the received signal-level, local-oscillator-

il ; ‘ power, tracking, antenna-scan, and aircraft-operating
parameters are evaluated for proper operation on each pass.
The data evaluations for the three data flights are
summarized in Tables 12, 13, and 14, Certain passes in
each table are marked to indicate that they provide
acceptable data for computing 9 values,

o The second step of the evaluation is carried out during
. digitization. Since the PRF is required for synchronizing

1 the digitization of the data, this signal is included in

the local oscillator air-to-ground data link. Thus, a low
signal-to-noise ratio in the PRF/L.0. channel will result

in unusable data by producing (1) a weak PRF signal which
makes the above-mentioned synchronization difficult and (2)
low local oscillator power which reduces the overall system L

sensitivity.

As indicated in Tables 12, 13, and 14, the data are »
usable for 4 of 9 passes from the first flight (2 July) and lé
e : 5 of 7 passes from the second flight (9 July). Both the
if ?' first and second flights covered Test Site 1, giving usable
- data from a total of 9 passes for this site. A total of
b 10 of the 12 passes made on the third data-gathering flight

covering Site 2 have provided usable data.
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4.4 PREPARATION OF DATA FOR ANALYSIS

After evaluation and selection of the data for analysis,
each analog tape is converted to a 9-track digital format¥*;
a detailed description of the digital data tape format used
is given in Appendix D. The data (on the basic analog tape
and on the digitized tape) include measures of received
power on a pulse-by-pulse basis for four receiver channels.
Since the data analysis is performed on received power
values averaged over the 5° beamwidth of the receiver
antenna (as discussed in Section 5), the next data prepar-
ation step is the summing and averaging operation described

by the relation

N
=1 2
S, = ® E Xy (19}

i=1

=2

Here, the value of N over which the data are averaged
corresponds to the number of samples obtained in a 5©
azimuth interval.

*Special digital tapes are also generated on a 7-track for-
mat to be compatible with the GRC computation facility.
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5
DATA REDUCTION

This section contains definitions of all parameters
(Section 5.1) and descriptions of all processes which are
uged to obtain the terrain scattering cross section per
unit area, S from a particular set of recorded power and
aspect data. Various physical and measurement constraints
make it necessary to approximate Oy Section 5.2 gives

thz steps by which this approximation method evolved. In
particular, approximations for the gain patterns of tne
transmitting and receiving antennas (especially the latter)

are considered in Section 5.3.

The geometry of the terrain scattering area Agd pre-
sents a rather interesting aspect of the problem since it
may be bounded by several (at most four) elliptical arcs.
Two of these elliptical boundaries are defined by the pulse
length, over which a weighting corresponding to the receiver
impulse response must he applied. The final weighted area
so obtained is described in Section 5.4 and the results are
used to describe the form used in this program for S
Since this quantity is actually a random variable it is
necessary to take some pains to insure an adequate and
independent sample set from the terrain region being
examined. This aspect of the data reduction provisions of

the program is considered in Section 5.5.

A brief discussion of the data processing scheme is
given in Section 5.6. A more detailed discussion of the
processing, including all computer programs prepared, can
be found in Appendix D. 1In Section 5.7, the reduced data
(oo versus the azimuth angle ¢s) are presented for 23 cm
and 3 cm wavelengths at several transmitter and receiver
elevations and for various terrain conditions. Finally,
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Section 5.8 presents a discussion of the data; calibration
curves are included.

5.1 DEFINITION OF % AND ASSOCIATED PARAMETERS

The terrain scattering cross section per unit area, Op
is defined 18,9] as

47 rS2 dSq
Oy = ——?277ﬁ¥—— (20)

e L e ———————— =

The incident power density 3¢ is expressible in terms of

transmitted power Pi‘ transmitting antenna maximuin gain GOT'
and normalized power pattern function fT as

i = 72 %1 Cor fr- (21)

i (Since GOT is constant, and fT is a normalized function of

- , aspect, the product Gy £, represents the antenna gain as
a function of aspect.) The scattered power density dSs may
be written in terms of the incremental power dPr received

by an antenna of aperture AR’ which in turn is expressible
in terms of receiving antenna gain Gor and power pattern

function fR' The result is

dp A€ Gyp fp L
Pt OR 'R
s, = 4= = dp_/ i

[ A, (22)

bl

: 8. D.E. Barrick, Normalization of Bistatic Radar Return,
- : Report No. 1388-45, Ohio State University Research
5 Foundation, Coiumbus, January 1964.

9. W.H. Peake and T.L. Oliver, The Response of Terrestrial
Surfaces at Microwave Frequencies, Report No. AFAL-TR-
70-301, Electroscience Laboratory, Ohio State University,
Columbus, May 1971.

e



Equations (20) (21), and (22) may be assembled to yield
the increment of received power dP_. as

2
P - Pi A GOT GOR L ) fT f
r (4n)3 r

o dA

(23)
r

e N 5T
0w NIO

The total power received from the entire illuminated surface
Agd is then

f.. £, o dA
P_ =P, K J. L3 (W) (24)
i"s

where constant terms have been collected es

2
AT G G L
K = OT‘EOR (mz)_ (25)
(4m)
The integral
f.. £, o_ dA
Izj TR o (m™2) (26)
r, r
A i ~s
gd

is discussed in detail in Sections 5.2 and 5.4 below.

Tie coordinate system and aspect parameters of the
scattering area Agd are shown in Figures 1 and 21. The

origin for the range-curve (xo, Yo zo) and footprint (x',
y', 2') coordinate systems is placed at the foot (nadir) of
the receiver R. The yo~axis is vertical, through the re-
ceiver, and the zo-axis is taken in the direction of, and
parallel to, the ground track of the transmitter. Then the
x -axis is chosen to form a right-hand system.




E.
E
i
!

T(x),¥p:29)

R(0,y7:0) l
z '* Yo |
Z

x' l

_ RECEIVER ANTENNA
y' FOOTPRINT ‘

x S—— D
. XO /
GROUND TRACK
zO
FOOTPRINT : x',y', 2

RANGE CURVE: Xo’yo’zo
(system in which R and T are defined)

INTEGRATION: x,y,2;p,9,2

Figure 21. Coordinate Systems
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In the (xo, Yoo zo) system, the receiver is fixed at
(0, yi 0) and the transmitter is located at the variable
point (x2, Yo ZZ)' The distance from the receiver to the
scattering area center is R, and from the transmitter to the
patch center is Ri' Corresponding to these radiation paths
the angles of incidence and scattering at the scattering
area center are, respectively, 6, and - The azimuth angle
between the ground-plane projection of RS and the extension
of the ground-plane projection cf R; through the scattering
area 1is ¢S.

The quantities ry and r, (Eq. 26) describe the respec-
tive distances from transmitter and receiver to the inte-
gration point of the scattering area Agd' They can be
described (See Figure 22)* in terms of the distances Ri and
RS and the angle ¢, in a polar coordinate system with its

origin at the center of Agd:
2 _ .2 2 .
ry = Ri + p” + 2Rip sin ei cos $ 27
and
2 _ 2 2 e - '
ro = R, + 0" - 2RSp sin 6 cos(d)S $). (28)

The transmitter and receiver power pattern functions
ﬁT and fR are assumed to have rotational symmetry about
their respective beam axes. Thus, the behavior of each is
describable in terms of a single variable, namely the angle

"from the beam axis. Therefore,

fR z fR(wS) and fT z fT(wi),

* _
These descriptions have been adapted from Ref. 8 which

considers only the case Ri = RS
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where Vg is implicitly defined by

p ‘/ 1 - sinzeo c032(¢s-¢)
sin y_ = : (29)

2 2
‘/ Rs + p° - 2Rsp sin es cos(¢s-¢)

In Section 5.3, an analytic approximation for the power pat-
tern function fR(wS) is given and the gain quantities G,n and
GOR are discussed. Corrections for fT(wi) are discussed in

Appendix C.

Since 0o the quantity to be determined, appears as a
factor of the integrand in Eq. (24), it is clear that either
the integral must be inverted, or an approximation treat-
ment must be developed. It is worthwhile to look, briefly,
at some of the steps by which the latter approach evolved
from the former.

5.2 EVOLUTION OF METHOD FOR APPROXIMATING 9

In the development of a solution for any problem, the
fewer the approximations used in the method of solution,
the fewer the uncertainties (at least in number if not size)
in the result. This precent encouraged the initial view-
point that Eq. (24) should be inverted. Even though the
inversion method itself would require an approximation of
the integral I by a system of linear equations, no assump-
tions would be required concerning the behavior of o
within the scattering area Agd' This approach would
necessitate the division of area Agd into a set of small
cells in each of which the received power P would be known.
The power pattern functions and ranges form the kernel of I,
and their form is such that their characteristics at an
arbitrary point are dependent on all other integration
points of the region A d- Thus, the kernel relates the
power received from a point in A,d to the effect of o, at
all other points of Agd' Consider a simple example where

(o]

e e e o

el T
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the region Agd may be approximated by only four cells or
subdivisions, with received power and radar cross section .
per unit area Oy evaluated at only one point aij within

each cell. (All points aij could, of course, be related to
direcpions defined by some g ei, and og in the fashion

of Eqs. 27 and 28). The integral I can then be approxi- !
U mated by a sum and Eq. (24) can be written E

_ L
o Pr(aij) = 2?; :?; Ko(aij, akk) oo(akg) AA, i,j = 1....4,
, = Q=

~ (30)

™

where the kernel Ko incorporates the range and power pat-

tern factors (as well as the constants Pi and K). Then,
presuming Pr(ai‘) to be measurable at each aij and Ko to
be a known function, the system of four equations can be
solved, thus giving 9, at the four points 8y (k,2=1,...,4) 7
of Agd' e..
The feasibility of this approach rests on two require- 5
ments: (1) the capability of reducing each cell to a size :
fine enough to make a sum like Eq. (30) a good approxima- :
tion of Eq. (24) and (2) the capability of making a measure-

ment of recelved power Pr for each such small cell. y
Initially, these two requirements appeared to be entirely

Ny

realizable for a cell configuration formed by range and
Doppler lines. However, some study soon showed that range
ellipses with sufficiently close spacing were incommensurate £
with the pulse length and receiver height (£100 ft) avail-
able to this program, particularly the latter.

With the above approach unavailable, it is then neces-
sary to make some assumptions concerning the behavior of
o, over the illuminated area A 4r S° as to be able to bring
C outside of the integral I in Eq. (24). It may be

I e 2
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reasonably valid to assume that % is constant over a por- ;
1 tion of the region A_,, and that it may take on different i
T constant values over different portions of A q This type ;
: of approximation can be handled by moving g, to the outside '
' of the integral 1 and replacing it in the integrand by a

: weight function Wp¢. The values that Wp takes on in dif- ;
ferent portions of Agd may be fixed (1) by appeal to. pre- :
vious studies, (2) by an examination of the data themselves

(to determine, for instance, whether or not the specular

point lies inside of Agd)’ or (3) by estimating the nature

of Wp¢ by the presence or absence of the specular point

: from portions of A d (or from regions nearby that may be

within the receiver sidelobes).

When o is replaced in I by the weight function Wp¢, ; ﬂ
the solution for o, now depends on simple algebraic mani- -
pulation (although the quantities to be manipulated are

themselves not so simplz). Insofar as the data analysis

for this program has been concerned, wp has been set equal

¢

tc unity over the entire region Agd‘ This choice is
tantamount to assuming that O is constant over Agd'

As a result of these approximations, the forms of
Eq. (26) for T and of Eq. (24) for P_ can be modified to 7
yield an explicit expression for Oy Following additional 3
modifications (in Section 5.4 below) of I to include the
effect of receiver impulse response, a final form is given

for 9 in Section 5.4.3.

SR 7 e

: 5.3 PATTERN APPROXIMATIONS FOR RECEIVING AND TRANSMITTING
: ANTENNAS

Mo~ o Lol oo

i e e e e

Both power patterns and gain were measured for the 3

. - and 23 cm wavelength receiving antennas. Each agrees well
with the desired theoretical behavior.
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Descriptions of the antennas and feed configurations
appear elsewhere (Section 3.3). Here, suffice it to say
that the 23 cm wavelength paraboloidal dish is 3 meters in
diameter and operates at a center frequency of 1.315 GHz.
The 3 cm wavelength dish is 46 centimeters in diameter and
operates at a center frequency of 9.45 GHz.

The desired theoretical pattern is presumed to arise
from a tapered illumination given by az-rz, where D = 2a is
dish diameter and 0 s r £ a. The resulting normalized power
pattern is then [10,11)

) 83,7
fR = [AZ(u)] = --—uz-—— . (31)

At 23 cm, half of the 1/2 and 1/10 power beamwidths of
Eq. (31) are, respectively, 5.46°/2 and 9.369/2. The first
sidelobe occurs at 8.74° and has a level of -24.6 dB with re-
spect to the mainlobe peak. The second sidelobe occurs at
13.45° and has a level of -33.6 dB/mainlobe.

At 3 cm, half of the 1/2 and 1/10 power beamwidths of
Eq. (31) are, respectively, 5.06°/2 and 8.70°/2. The first
and second sidelobes occur at 8.11° and 12.46° with the same
levels as for 23 cm.

The theoretical peak gain Gy is calculated to be 28.2
dB at 23 cm and 28.9 dB at 3 cm. The measured values of
these quantities are 27.7 (VV) and 25.1 (HH) for 23 cm and
30.5 (HH) for 3 cm —— (VV) for 3 cm.

10. S. Silver, Microwave Antenna Theory and Design, MIT
Radiation Lab. Series, No. 12, Boston Technical
Lithographers, Inc., Lexington, Mass., 1963.

11. E. Jahnke and F. Emde, Tables of Functions with For-
mulae and Curves, Dover Publications, New York, 1945.
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Patterns for each dish were measured for rotations of
the dish about its axis by multiples of 30° (with corres-
ponding rotations of the transmitting antenna about its
axis). The results are given in Table 15 for the 23 cm
case and in Table 16 for the 3 cm case. The results in
each case demonstrate a very satisfactory symmetry of the
pattern about the dish axis.

Averages and standard deviation have also been taken
over the data set for the beamwidth and the levels of the
first and second sidelobes. The conclusions to be drawn
are as follows. For 23 cm, Eq. (31) makes a satisfuctory
approximation for the actual pattern through the first
sidelobe. Thereafter, for the second sidelobe, the first
sidelobe could be repeated with its peak at -29 dB/main~
lobe. For 3 cm, Eq. (31) also makes a satisfactory approxi-
mation through the first sidelobe. Similarly, its second
sidelobe should be given a peak 3 dB below the first side-

lobe.

Figures 23 and 24 give comparisons of the experimental
and theoretical curves for 23 and 3 cm wavelengths. In
Figure 23, the theoretical and several experimental curves
are overlaid. 1In Figure 24, since the pattern is so nar-
row, the theoretical and experimental curves are placed
side by side. '

In actual fact, the above discussion concerning side-
lobes is somewhat moot, since it was decided to limit the
receiver antenna footprint size by the -10 dB/mainlobe
level. For both the 23 and 3 cm cases, this level occurs
well inside the mainlobe where the experimentally-measured
patterns are almost indistinguishable from the theoretical

ones.,
The 3 dB beamwidth for the transmitter antenna in the

P Sy
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Flgure 24. Receiver Antenna Patterns at f = 9.45 GHz
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~pattern can be taken to be approximately unity over the

S i

iale B ool

horizontal plane is 12° at both the 3 cm and 23 cm wave-
lengths. The vertical 3 dB beamwidth for the 23 cm antenna
is 900, and for the 3 cm antenna is 13°. Since the distance
from the transmitter to the scattering area was never less
than 14,000 £t (4.27 km) during the measurements, the
illuminated ground area always exceeded 3000 ft (915 m) in
the z and X, directions; also, the diameter of the receiver
scan arc never exceeded 1000 ft (305 m). Therefore, the
receiver anteuna footprint is always well within the trans-~

mitter antenna footprint. Furthermore, the angle subtended
by Agd at the transmitter is always <3°; therefore, the
variation of incident power over the receiver antenna foot-
print is so small that the transmitter antenna power

entire area A_,, that is, f., =« 1.
gd T

5.4 SCATTERING ELEMENT A FINAL FORM OF EQUATION FOR 9q

gd’

Let a vector be denoted by v [or by (xo,yo,zo)], or by
v if its length |V| is unity. The receiver position has
already (Section 5.1) been defined by

Pl = (0,y;,0).

The receiver antenna beam can be defined as a set of

pattern cones

e AT L e R PR

W+ s = cos a, (32) ,
concentric about an axis }
IE
v
W S e (33) ;
|V"151|

1
12
12
1
i
!
i
i
i

]
]




W fiital

where Gc is a fixed vector to some arbitrary point on the

) beam axis; 3 (s = 3/!§|) is a variable vector which traces
out a cone of half-angle o The angle o, is chosen to fix
some particular power level of the antenna pattern. In all
of the results to be given below, o is chosen to define

F . the -10 dB power level (with respect to the peak).

The '"footprints'" of the pattern cones on the ground
plane are obtained by intersecting the cones (Eq. 32) with
the xozo-plane (yo = 0). These intersections are nested
ellipses (neither concentric nor confocal).

The integration area A d does not include an entire
receiving antenna footprint if that footprint is limited
by range curves. These range curves (curves of constant
range from transmitter-to-ground-to-receiver) are nested
ellipses (again, neither concentric nor confocal) defined
in the following paragraph.

Nested ellipsoids having foci at the receiver ?1 and
transmitter ?2 are traced by the vector P so that

:ﬁ-?ll + ]?-?21 = 2q, (34)

where 2q is a constant distance defined by the time for a
signal to get from transmitter to receiver by way of the
ellipsoid; the factor of 2 is included for convenience.
(Different values of 2q yield confocal ellipsoids.) Let
these ellipsoids be intersected with the ground plane y0=0.
The resulting curves are constant range ellipses (which are
not confocal). If two of these ellipses which are defined by
the receiver sampling time* and the transmitter pulse length
intersect the receiver antenna footprint, the area A 4 is

%
See Appendix B for a description of the circuitry which
samples the peak value of the received bistatic pulse.




modified accordingly**. Figure 25 illustrates both cases
where a footprint is and is not cut by the bounding range
ellipses.

To summarize, the integration area Agd is defined as
follows: Let the receiver footprint area of interest be
fixed by the 10 dB pattern contour:

Ep < 1, (35)

where Ef = 1 is the ellipse (see also Eq. (40) for the
canonical form) described by

W+ S = cos a,
36
y, =0 (36)
Now, let E_ = 1 and E. = 1 be successive range ellipses

1
defined by the receiverzsampling time and the transmitter
pulse length where each E, = 1 is an ellipse given by (see
also Eq. (46))

!§‘§1| + lig'?zl = 2q,
(37)
Y, = 0.
Then, Agd is the integration area given by
= \ >
Agd (Ef 1y n (Erl 2N (Er2 < 1), (38)

where the symbol N stands for "intersected with'" and means
all points common to the three sets (that is, all points

Kk '
In general, it would be possible for the integration area

Agd to be modified by the transmitting antenna footprint.
However, in this program, the transmitting antenna foot-
print is so large as to always encompass the entire re-
ceiving antenna footprint. (See Section 5.3.)
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f % ) Figure 25. Footprint and Range Ellipses
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common to the interior of the receiver footprint ellipse, -
the exterior of the first range ellipse, and the interior

of the secound range ellipse).

Thus, it is easy to determine from Eq. (38) whether

an integration point P [?r.perhaps the specular point
*2¥ 2291 ) ]

PS=< 1 ;Or
d 2, 2 d 2. 2
(y1+y2) x2+z2 (y1+y2) x2+z2

lies inside Agd: the procedure is simply to test whether
Ef(P) 2 1 at the same time that E_ (P) 2 1 and E_ (P) £ 1.
1 r2

-

5.4.1 FORMULAS FOR FOOTPRINT AND RANGE ELLIPSES

Footprint Ellipses:®* Suppose the beam size of interest

to be specified by (See Eq. 31)

Ys S 1 (39)
Then, the receiving antenna footprint ellipse (Eq. 36) can

be written in canonical form as

, 2 o . 2
B, s (x :thr ) an_;:;zz_zl_ = 1. (40)
a 3

Taking a' to be the semi-major axis, the x',y',z'-system
can be oriented accordingly by placing the x'-axis along
the intersection of the plane of the earth with the verti-
cal plane determined by the receiver antenna beam axis and

the yo-axis, using the same origin as for the XY, 2,-System

(See Figure 21). The parameters for the elliptical foot-

print are

*Because of the conditions set by Section 5.3, only the re-
ceiver antenna footprint need be considered.
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a' = 3y [tan(o, +n) - tan(o, - m) ] (41)
a'2 Z2
b'2 = __7-—9%— , (42)
a - X,
and
ctr x =y, tan(o -n) +a,
s (43)
ctr y = 0,
where
1 . ) i}
xoo =3 yl [tan(es + n) + Lan(es n)] YI tan BS ’
(44)
and
y, tan n
2 = A . (45)
o cos OS

(The quantities y, and 6_ are measured quantities and are
defined in Figure 21.) When the area Agd is defined by the

footprint alone, it is given Dy E. < 1.

Range Ellipses: A range ellipse (Eq. 37) can be

written in canonical form™ as

*
The eccentricity of the range ellipse is given by

\/2+2
e = ¥2 7% _ ground range
2q total range .
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1/
(1a2-e2ay?)(2422) ]

Xy -
. - 2’ -of) I, 2 .
qz[(‘*qz-r%-y%, - 4 y%yg] (4q2-r§-y§) - 4y‘%y§
(46)

2 _ .2 2 2
where Iy, = X, + ¥, + 2z,

(x2 being the minimum distance from the foot of receiver to
the transmitter ground track). The parameter 2q is de-
fined** following Eq. (34).

If the integration area A 4 is to be defined with the

help of two range ellipses E. =1 and Er7 = 1, then the

distance (2q); for the first ellipse is determined by the
elapsed time AT between the end of the received direct

A P D

pulse and the sampling time. Thus, ;

- - o2, 2 2 1

(2q)1 = ¢AT + d, d = X5 + 2 + (y2 - yl) . 47)

The second range ellipse Er = 1 is then given by %
2 3

(29), = (2q) + p, (48)

f
|
where p is the distance corresponding to the transmitrer :;
pulse length T (p is taken in this study to be 90 ft). {
!

Fek 2 2 2
Note that (?.q)min = 'V;Q + z2+(y1 + yz) , the specular
distance from transmitter to receiver.
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5.4.2 MODIFICATION OF I BY RECEIVER IMPULSE RESPONSE

The amplitude response for a pulse, between the
ellipses Er = 1 and Er = 1, is not uniform; so, this fact
should be accounted for in the integral I. To determine
this response, measurement was made at the output of the
instrumentation when a pulse similar to the transmitted
pulse was fed into the receiver. The amplitude response,
called h[t(A)], is shown in Figure 26. Between the two
bounding ellipses E. = 1 and E. = 1, a continuum of
ellipses can be envi%ioned corregponding to the time con-
tinuum between those curves. Then, the amplitude response
can be represented implicitly as a function of area A.
This idea is applied in the computational work by taking h
to be constant over strips between successive ellipses in
the continuum between the bounding ellinses E = 1 and
Er2 = 1. For this reason, h has been approx1m£ted in
Figure 26 by the staircase function actually used in the
computation of I, which is now modified to be

1= - 2 m (49)
ry Is

f Ep £p W, hIE(A)] dA w2y
Asg

5.4.3 FINAL FORM FOR 9,

Now that the interaction of the scattering properties
of the illuminated terrain region A d with the incident
pulse have been replaced by suitable weight functions, the
quantity c, can be broughp out of the integral I to make
possible the explicit solution. Using Egs. (26) and (24),

9% T P. KT (50)
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Lod

Since both powers Pi and Pr have the same dimensions, K
has dimensions of area, and I has dimensions of inverse
area, then the quantity 9y is dimensionless.

Remarks concerning power and angle calibration and
their incorporation into the determination of o, are

given in Section 5.7

5.5 ENSEMBLE STATISTICS OF A SET OF SCATTERING ELEMENTS;

PARAMETER VARIATION

The quantity 9, is a random variable whose distribu-
tion is governed by the type and condition of the terrain
it describes. Thus, in order to estimate the statistics
of the terrain being measured, the number of samples taken
at a fixed set of parameters must be sufficiently large.
Unfortunately, the number of samples required is based on
the distribution of the terrain clutter Og that must be
approximated with the sample statistics. Since such dis-
tributions are unavailable, estimates must be made.

Long [12] gives the probability distribution for mono-
static backscattering from terrain. For homogeneous terrain,
the distribution tends to be Rayleigh, but distributions for
urban and mountainous areas have long tails typical of log-
normal distributions. Figure 27 shows histograms of mono-
static return data taken with the ERIM synthetic aperture
radar. These distributions are reasonably close to being
log-normal. Since the distribution of clutter return often
becomes log-normal as the area of the resolution cell

12. M.W. Long, Radar Reflectivity of Land and Sea,
Lexington Books, Lexington, Mass., 1975, p. 156.
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Figure 27. 3 cm Wavelength Histograms, ERIM SAR Data
(Ohio Farmland, 10 ft Resolution, Single Look)
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decreases, fine-~resolution SARs are more likely to measure
log-normal distributions than conventional radars.

For the data of Figure 27, the standard deviation s of
log 9q is in the order of 3 or 4 dB. For a Rayleigh dis-
tribution, tha standard deviation is 5.6 dB, so that the
log-normal distribution makes a fair approximation of the
Rayleigh. Thus, the log-normal provides a good approxima-
tion of ground clutter returns no matter whether they are
actually log-normal or Rayleigh distributed. So it is
assumed here, for purposes of estimating desired sample
size, that terrain clutter, both monostatic and bhistatic,
is iog-normally distributed.

From standard statistical theory, the 957 confidence
interval for the population mean is given by

; (51)

where Eo is the mean of n samnles, while yu and s are the
mean and standard deviation of the terrain clutter popula-
tion. The 95% confidence interval for ;i is therefore
3.92s/y/n dB in width. Figure 28 shows plots of 3.92s/v/n

for s equal to 3 and 5 dB for sample numbers n ranging from 4
to 20 (which is representative of the range of ¢
obtained in this program).

sampl
o ples

To achieve the desired number of samples, the receiving
antenna is made to rotate from side to side as the trams-
mitting antenna travels along a straight-line course. The
angles defining the direction of look of the receiving
antenna and the direction of the transmitter from the re-
ceiver are each measured clockwise from the negative zoﬁaxis
of Figure 1; they are called SCAN and TRACK, respectively.

For the forward scattering case (scattering area
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between transmitter and receiver), the azimuth angle ¢s is
given approximately* by

|SCAN - TRACK|. (52)

Since SCAN moves through its range (typically 65° through
155°) many times (typically 20) durlng a pass of the trans-
mitter (TRACK range typically 45° through 135%), bg takes
on the same (largely acute) value many times. Each of
these ¢ values occurs for a different terrain scattering
element in an essentially homogeneous field or region of
terrain; in this way, the sought-after set of scattering
element (or o ) samples is obtained. If values of SCAN and
TRACK. are approx1mated to the nearest multiple of 52, then
a typical sample number range of 4 to 20 can be expected.

For the backscattering case (receiver between scatter-
ing area and transmitter), the azimuth angle ¢, is given

approximately by

b, = |ISCAN - TRACK]|- 180 (53)

since, in this case, SCAN is measured clockwise from the
positive 2z -axis while TRACK is measured clockwise from the
negative 2z -axis as above. (In other words, the receiver

is rotated through 180° and the SCAN angle measurement rela-
tive to the receiver itself is unchanged.) SCAN and TRACK
move through essentially the same ranges as above, and so

¢g takes on mainly obtuse values. Once again, each ¢4 value
is repeated many times, each time for a different terraln

*The precise value is y, tan 6 sin |SCAN-TRACK|
oy = |SCAN - TRACK| + arcsin

) tan e

However, since the denominator is much larger than the nu-
merator in the arcsine argument, the arcsine value is close
to zero.
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scattering element. Typical numbers of samples are in the
same range as for the forward scattering case.

Actually, for a given value of qg to be repeated,
special provisionsg would be required. As has been docu-
mented elsewhere in this report (Appendix D), angle digitiza-
tion is done on the basis of a number of voltage intervals

whose total encompasses the total angular excursion (of

either SCAN or TRACK) for a pass. Each voltage interval

thus corresponds to an angular interval; for this interval,
the median value is digitized. 1If, instead, the digitized
angle were always placed at an integer multiple of 59, then
| SCAN - TRACK| would give exact repetitions of ¢;- In this
case, 0, would be averaged over the number of repetitions ;
of ¢ . Since the special assignments of SCAN and TRACK é
values are not made, no repetitions of ¢S are guaranteed. :

However, an arrangement essentially equivalent to the
above is obtained by striking an average of all % values
over a range of 9 values within 2%° on either side of in-
teger multiples of 5°. In this interval of L samples may
come from any portion of the pass and so the incidence angle
6, may vary by the maximum amount possible in the total pass.
The incidence angle is given approximately® by

X, csc (TRACK)
9, = arctan (54)
Y2
and so varies directly as csc(TRACK). In a pass with, say,

é

*
The exact expression is

1 2 2 2 2 2 cran
B, = arctan 75 ‘/x2 csc® [TRACK] - 2x, y; tan 05(1 + cos[SCAN])+ y] ten 03(1 + cos [bCAnl])

TR {72 2 AT ey

e T e

i
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xy = 18,000 ft, y, = 6,000 ft, and TRACK between 65° and
155, the incidence angle 0, may change by as much as 9°
for samples at the beginning and end of the pass. This is
the nost serious change in any parameter over any set of
samples; it may or may not occur in any particular sample
set depending cn the portions of the pass for which SCAN
and TRACK combine to give a particular ¢s value. The
scattering angle es, of course, remains fixed throughout a

given pass.

Since o  samples may come from any part of a pass,
: the sizes of A d and values of KI may vary correspondingly.
Consider a 23 cm wavelength example for which ¥y, = 100 ft,
6, = 80°, x, = 20,000 ft, and y, = 6,000 £t. Then, for all
of the (SCAN, TRACK) pairs (90°, 90°), (120°, 120°), and
(150°, 150%), ¢_ is 0°. Assuming that the first limiting

s
range ellipse passes through the intersection of the re-

m
ity a\!”‘ i "}

e L,

ceiver antenna beam axis with the earth and the second
limiting range ellipse occurs 90 nanoseconds later, there

are pronounced differences in A d and KI values because of
the range changes involved. Table 17 illustrates these
differences. Graphs of Agd for the three sets «f conditions &
covered in the table are shown in Figures 29, 30, and 31,
respectively.

D

As the values of g change, Agd can vary over a much
wider range; but, due again to the changing ranges from A d
to transmitter and receiver, the values of KI seldom suffer
more than 4 to 6 dB excursions. Illustrations of this be-
havior of A , and KI are afforded by the five illustrations E
(using the above values of Yi» €40 Xo, and yz), three for L
forward and two for backscattering, given in Table 18. The 1

TR By TN

areas Agd corresponding, respectively, to the five sets of :
conditions covered in the table are shown in Figures 32, 33, b L
34, 35, and 36. i g




100

TABLE 17. VARIATIONS IN Agq AND KI VALUES
¢ A
SCAN TRACK 5 d KI
(deg) (deg) (deg) (m?) (dB)
90 90 4387 -97.6
120 120 0 4475 -99.2
150 150 0 4855  -103.0
TABLE 18. BEHAVIOR OF A,q AND KI FOR
FORWARD AND BACKSCATTERING CASES
5 A
SCAN TRACK . d K1
(deg) (deg) (deg) Zm§5 (dB)
60 60 0 4475 -99.2
90 60 30 4065 ~95.2
120 60 60 1579 -96.5
60 (back) 60 180 468 -101.1
120 (back) 60 120 614 -100.2
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120° (Back),
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60° (¢4 = 120°)
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Figure 36.
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5.6 DATA PROCESSING: 30 VS AZIMUTH g

Digitization and processing of the measured data are

accomplished in three phases. The first phase is the con- , X
! version of analog signals to digital format, in which re- :
;, ? ceived power is averaged over a fixed number of pulses.

E " These power digitizations are then converted into dBm out-

put versus SCAN and TRACK angles on the basis of fixed power
and angle calibrations for the 3 and 23 cm wavelengths.

Simultaneously, or perhaps somewhat in advance of the
first phase, a second phase is carried out to compute values
; o of the dimensionless product KI as a function of the SCAN
) and TRACK angles for both the 3 and 23 c¢m wavelengths.

These results are thus available for hand calculations of

ot oyl i Y

R

FA

o, as soon as the first measured data are obtained. They
serve both to check the data quality from initial passes

and as a standard against which to compare later (high-speed)
digital processing of the data.

The third phase is the preparation of an interface
program to connect the first and second phases. Thus, the X
resulting program permits automatic processing,proceeding '
directly from recordings of raw data to the average value
of terrain radar cross section per unit area, 50, as a
function of azimuth angle g for fixed scattering angle O

T e et

and nominally fixed incidence angle 0, - Details of these
couputer programs are given in Appendix D.

i e

As a final modification of the data, a transmitter
illumination correction is computed from flight information

irecorded during a pass. Since this correction is equivalent
to a change in the transmitter antenna gain, it can be

»

easily incorporated at the very end of the data processing

P

vrocedure as a simple modification of the constant K.

In the following section, the 30 results are given for
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the various passes of the flights carried out during the
program.

5.7 RESULTS: PLOTS OF o_ VS ¢_OVER A SET OF PARAMETER
VALUES ° s

Data are presented in this section for three flights,
referred to by their dates as Flights 7/2/76, 7/9/76, and
7/17/76. Each flight consisted of a series of passes, each
of which yields a particular parametric situation for ele-
vation angles and distances. A pass is identified by its
number in a given flight. Tables 7, 8, and 9 provide com-
plete lists of parameter values for the respective flight
dates listed above. For each flight, data are available at
two frequencies; these data are referred to by their wave-
length values as 23 and 3 cm data. Descriptions of terrain
conditions appear in Section 5.8.

The first and second flights (7/2/76 and 7/9/76) were
essentially of a check-out and shakedown nature; so, al-
though the resulting data are of interest, discussion of
these flights is deferred to the end of this section. The
third flight (7/17/76) provides perhaps the most interesting
deta, since six of the passes can be paired on the basis of
the same nominal 64 and 6, to yield both forward and back-
scattering conditions. The pairs are Passes 3 and 9, Passes
4 and 7, and Passes 5 and 6, where the first-mentioned of
each pair is the forward scattering configuration. There-
fore, the processing of data (Section 5.6) has been arranged
so that data from the pairs can be combined, giving in
general a portrayal of 50 for ¢, running all the way from 0°
to 180°. Due to physical limitations on SCAN angle, gaps
may, in some cases, occur in the Eo values near oy = 900; in
other cases, overlapping points may arise from the forward
and backscattering passes.
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] 5.7.1 FLIGHT 7/17/76

. Figures 37 and 38 show 50 vs ¢, as derived from the
. data of Passes 4 and 7 of Flight 7/17/76 for the 23 cm and
| . 3 cm wavelengths, respectively. The 50 results are some

5 to 10 dB higher for the 3 cm wavelength than for the 23
cm wavelength across the entire domain of ¢ The aspect
conditions here are 80° for GS and nominally 75° for ei'

© e s o e £ e 5 = e R

Figures 39 and 40 show 30 vs ¢ as derived from the
data of Passes 5 and 6 of Flight 7/17/76 for the respective
wavelengths of 23 and 3 ¢m. Once again, the 3 cm results
are some 5 to 10 dB higher than the 23 cm results across
i . all ¢, values. The aspect conditions here are 80° for 04
.i b and nominally 70° for 0 .

L - Figures 37 and 38 illustrate the case of data overlap,
= ' in the vicinity of o, = 90°, resulting from the forward and
i backscattering passes. Figures 39 and 40 illustrate the
case ¢ a gap in the data in the neighborhood of ¢s = 90°,

i , Figures 41 and 42 show 30 vs ¢  as derived from the
! data of Passes 3 and 9 of Flight 7/17/76 for the respective
' wavelengths of 23 and 3 cm. Here, the results are somewhat

f : more difficult to compare. For the small values of ¢, the

. Eo values for 23 and 3 cm differ little; but, as ¢
increases to its mid-range, the 23 cm % values fall rapid-
ly while the 3 cm values change very little, resulting in
the latter becoming some 10 to 20 dB greater than the former.
Then, as 9 approaches 1800, the 23 cm and 3 cm 50 values
again approach each other, the latter being only 2 to 4 dB
greater than the former. The aspect conditions for Passes

;. 3 and 9 were 80° for 6, and nominally 80° for ;. For these

: conditions, the gpecular point is within or very near to

being within the illuminated area Agd' As a result, Eo is |
no doubt much higher near o, = 0 than it was for Passes 4

111
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and 7 and Passes 5 and 6 where the specular point is gated
out by limiting range ellipses®. Thus, for the 23 cm data,
it can be seen that a much more rapid fall-off of 50 occurs
as ¢ increases from 0° than in the data of Figures 37 or
39. However, this particular phenomenon is not present for
the 3 cm 60 results, since the degree of surface roughness
at the 3 cm wavelength apparently mitigates the effect of
the specular point in the illuminated area Agd'

As is noted above, the three pairs of passes (4,7),
(5,6), and (3,9) provide data at three nominally different
values of 8, for fixed - In spite of this small number
of incidence angles, it is tempting to fix the azimuth ¢S
at various values and look at 50 vs ©.. Although it is
dangerous to attempt firm conclusions concerning the be-
havior of Eo as a function of incidence angle for such a

small number of points, certain observations are in order.

Figure 43 shows six plots of Eo Vs Gi, where ei takes
only the values 70°, 75°, and 80°. The scattering angle is
fixed at 8, = 80° for four of the plots and at 8y = 70° for
the remaining two. The azimuth values are chosen to be
¢ = Oo, 450, 900, 1350, and 1800, the latter two being the

s
only applicable ones for es = 70°.

¢

In Figure 43a, the very interésting behavior of the
oy = 0° data from Passes 3, 4, and § immediately attracts
the attention. These data certainly increase steadily as
05 approaches equality with 6> in keeping with the fact
that the specular point approaches the receiver antenna
footprint center as these two angles approach equality.
The oy = 180° data at b, = 80° in Figure 43b are not too dif-

ferent in behavior and magnitude from those at 6, = 70° in

" 3 » -
‘These ellipses are discussed in Section 5.4.
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(a) Passes 3,4,5; 6 =80, ¢ =0 (b) Passes 6,7,9; 0 = 80, ¢ =180
8 8 s 8
0 ®G3) OF
- Sw o o
- -104 -10 (6) )
z Q (5) % X R
~20 4- -20 +
[+
=)
~30 4- -30 4
} } (| ] | i
70 75 80 70 75 80
€, (deg) 6, (deg)
(c) Passes 3,4,5; GS = 80, dJS = 45; (d) Passes 3,4,7,9; 6_ = 80, (bs = 90
6, = 80, ¢_ = 135 (darkened)
o o °
e & ) ‘
~ -l O (5) o (4) x (3 1% 0 (4)
v
S ol 5 W (4,7) 9) _
A @ 8 -2 X (7) o
o 301 -30 x 9
; — i _ ! | x (3)
70 75 80 70 75 80
9, (deg) 61 (deg)
(e) Passes 10,11,12; 8_ = 70, $_ = 135 | (f) Passes 10,11,12; 6_= 70, ¢_ =
0 ol
: Q ° ] 0 (10)
~ 104 (12) (10) -10d.
ra 01 Q(12)
20} » (11) -204 R X (10)
o x(10)
"30'4- -~ 304
Y 1 . L i +
70 75 at 70 75 80
8, (deg) [x,l: 23 cm] 0, (deg)
0 8: 3 cm

Figure 43. c?o vs. 0, for Flight 7/17/76
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Figure 43f, aside from one rather high value at the 3 cm
wavelength from Pass 10. Figure 43c shows a comparison be-
tween datu for ¢ = 45° and data for oy = 135°. The two
sets are not mariedly different. Finally, it should be
noted that the 3 cm data in all cases rénge from 0 to 20 dB
above the corresponding 23 cm data.

In Section 5.5, it was concluded tinst the log-normal
distribution should be considered as a ieading candidate to
describe the behavior of 0o Realizing that a statistically
rigorous determination of the distribution of g, cannot be
made from the small number of samples available at any fixed
set of parameter values, it is still tempting to compare the
scatter of 9, values with a typicalhstandard deviation of a
log-normal distribution. This comparison is made in Figure
44, using 50 as the mean and s = 5 dB as the log-nnrmal
standard deviation. (The comparison is not exactly appro-
priate, since the parameter O is permitted to vary rather
than to be held fixed.) The figure shows that approximately
66% of the o  values lie within one standard deviation of 30

In anticipation of the next subsection, a comparison
can be made between 50 for Pass 7 of Flight 7/9/76 and o
for Pass 3 of Flight 7/17/76 at the 3 cm wavelength. The
incidence and scattering angles for these two passes are
quite similar; 6, = 85° and ¢; = 83° for the former while
b, = 80° and ei = 80Y for the latter. However, the terrain
conditions examined by the two passes are quite different.
For pass 7, the terrain consisted of partly concrete apron
and pertly short grass. For Pass 3, the terrain consisted
of tall weeds and scrub trees. In other words, the latter
was much the rougher (at the 3 cm wavelength) of the two
terrain regions. Figure 45 shows the comparison between 30

values for the two passes. Clearly, the 30 values for the
smooth terrain (Pass 7) are some i0 dB or more lower than

i
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the Eo values for the rough terrain, over the entire range
of dg for which the data are comparable (0 $o S 55%) .

A second comparison of data for these two flights is
possible for the 23 cm wavelength. Here, however daia are
taken from the last half of each of the passes™. Figure 46
shows the comparison. Once again, it is seen thit the Pass
7 data fall 10 dB or more below the Pass 3 data. An excep-
tion to this situation occurs in the vicinity of by = 60°
where the Pass 7 data increase in magnitude. It is possible
that this increase in magnitude of 50 can be ascribed to an
aircraft which taxied into the illuminated area during the
pass. Its presence for 23 cm and not for 3 cm may result
from the dominant scattering return from the aircraft being
of the traveling wave type.

Comparisons can also be made between some of the sub-
ject data of this program and data recorded some years ago
by Ohio State University researchers. Conditions are by no
means the same for the two sets of data, yet it may be
appropriate toc compare those terrain conditions for which
the ratio of vegntation size to wavelength is similar. For
example, the Environmental Research Institute of Michigan's "
23 cm data from Passes 3 and 12 of Flight 7/17/76 were re-
corded for terrain covered with 4 ft weeds and brush. Oa
the other hand, some of the OSU data [13]) were recorded for

13. R.L. Cosgriff, W.H. Peake, and R.C. Taylor, Terrain )
Scattering Properties for Sensor System Design (Terrain
Handbook II), Engineering Experiment Station Bulletin
No. 181, Ohio State University, Columbus, May 1960.

*Section 5.8 explains the reasons for giving special con-
sideration to the first half and the last half of the
data recorded during a pass, in addition to an analysis
of all of the data recorded during a pass. This section
also includes a ground truth characterization.
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3 inch green soybeans and 4 inch oats in head (July) at a
3 cm wavelength. Table 19 shows a comparison of these data
for ei = 98 = 70° (Pass 12) and 80° (Pass 3) as well as for
¢ = 180°. Note that the % values are remarkably close.

A second comparison is possible for a forward scatter-
ing situation. 1In Figure 47, the incidence and scattering
angles are equal and the same (800) for both sets of data.
The LRIM data in this figure are taken from Passes 3 and 9
of Flight 7/17/76; they cover &4 ft weeds and brush at the
23 cm wavelength. The OSU data shown [l4] are 4 inch soy-
bean foliage at a 3 cm wavelength. Both data sets were
collected at horizontal-horizontal polarization. Although
the data themselves differ markedly at some aspects, the
trends for the two data sets are remarkably similar.

5.7.2 FLIGHT 7/9/76

Figures 48, 49, 50, and 51 show 30 vs ¢ as derived
from Passes 2, 5, 6, and 7 of the 7/9/76 flight. For all
of these passes, the scattering angle is fixed at 6_ = 85°
and the incidence angle ©6; has the nominal value of 80°.
Since the region of terrain examined is essentially the same
for each pass, the data can be grouped to provide a larger
number of samples for each of the o values of interest.
Thus, all data from each of Passes 2, 5, and 7 are grouped
to provide 30 vs ¢ as shown in Figure 48 for 23 cm, and in
Figure 49 for 3 cm wavelength. The last half of data from
each of Passes 2, 5, 6, and 7 are grouped to yield EO Vs 4
as shown in Figure 50 for 23 cm wavelength, and in Figure
51 for 3 cm wavelength.

14, S.T. Cost, Measurements of the Bistatic Echo Area of
Terrain at X-Band, Report No. 1822-2, Ohio State
University Research Foundation, Columbus, May 1965.
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TABLE 19. COMPARISON OF gRIM AND OSU
BACKSCATTERING (¢s = 180%) % DATA

%s Description Passes 9p (dB)
ERIM 23 cm data: 12 -18
4 ft weeds & brush,
7/17/76
0SU 3 cm data: 3 in. -22
green soybeans
0SU 3 cm data: 4 in. -20

oats in head (July)

ERIM 23 cm data: 3 -20
4L ft weeds & brush,

7/17/76

0SU 3 ecm data: 3 in. -26
green soybeans

0OSU 3 cm data: 4 in. -21

oats in head (July)
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To give an idea of the spread of o, values for the
passes discussed above, these data have been averaged for .
each pass and the resulting Eo are all plotted on the same
graph. Thus, the O, V8 ¢4 values for each of Passes 2, 5,
and 7 are plotted in Figure 52 for 23 cm, and in Figure 53
for 3 cm. For each pass, all data were used in finding the
averages. The Go Vs ¢ values for each of Passes 2, 5, 6,
and 7 are plotted in Figure 54 for 23 cm and in Figure 55
for 3 cm. Here, only the data from the last half of each
pass were used in computing the averages.

5.7.3 FLIGET 7/2/76

Although the measurements flight of 2 July 1976 was
intended primarily for instrumentation verification and

procedure evaluation, several passes provided usable data.
Only limited data samples are available due to difficulty

3 with the receiving antenna scanning system.

Due to the extensive data obtained from the two suc-
ceeding data-gathering flights, the analysis of the 2 July
: data was given low priority and only preliminary results
f; are available. Examples of preliminary results are given
| in Figure 56 for 23 cm. As in the case of the 9 July data,

S the receiving antenna was at a fixed 8_ value of 85°. 6
i values of 66° and 57° were realized during the 2 July flights.
;U The 9y values obtained are about 10 dB lower than those ob-
tained for the more nearly grazing angles of Flight 7/9/76.
Also, due to the difficulty with the receiving antenna scan-

ning system, data are available from azimuth angles of only

0 to 40 degrees.

The results obtained appear to be consistent, because
o the scattering patterns would be expected to fall fairly
rapidly for the smooth scattering surfaces of Site 1 as the \

=
B -

difference between 8  and 6; increases. .

A E
v
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PRELIMINARY RESULTS

|
20

drrack (de8)

Figure 56. o, vs.dTpack for Site 1,
Flight 7/2/76, and » = 23 cm




5.8 SUMMARY OF EXPERIMENTAL CONDITIONS AND RESULTS

The values of bistatic Iy obtained in this experiment
are in general agreement with previous measurements, al-
though the existing data base is very limited (Section 5.7.1).
Since only a small subset of the total matrix of bistatic
angles is covered in the present program, additional mea-
surements will be necessary to obtain a complete measure of
bistatic scattering characteristics. Two terrain types were
measured: (1) smooth grassy terrain including cement ramp
areas and (2) tall weeds with scrub trees. A summary of the
terrain types and conditions existing during the measurements
is given in Table 20. See also Figures 57 through 61. A
summary of all digitized bistatic data is given in Table 21.

5.8.1 SYSTEM OPERATION

Instrumentation problems were encountered during the
first test and data gathering flight on 2 July 1976. These
problems resulted from wind loading on the receiving antenn:.
servo drive system. As a result, the data were obtained with
the receiving antenna at a fixed azimuth angle of 88° {view-
ing toward 2680). The servo motor was replaced and, on the

two subsequent data-gathering operations (7/9/76 and 7/17/76),
the antenna system functioned satisfactorily. Some delays

in operation were experienced due to high wind conditicns,
however,

For the first and second data-gathering opeiracions,
the receiving antennas were mounted on thez ERIM hangar
building at a height of 45 ft above ground. During the
third and final data-gathering flight, the antennas were
mounted on a crane and raised to a height of 100 ft (Figure
2.

138

]
]




93 1 d-d

ssauydnoa ‘yjesu
-2q punoad ‘13 8
03 23 ¢ s°313
a3 o3
‘spoam TTBIL

3y3tay jo ¢/1
doa 103 £3p

09 s2an314 K1an) spoam A1Qd

:9TBOS Ssauysdnoi

8G ‘LG sean814d ‘doeax ‘ssead 3E1J

:97EDS ssauydnox

-ganseam 3uranp
‘sspad - BIJI

85 .hmmmhﬂmﬂm pue @aojeq ‘£ad

sydeazoloyd
"0 d19vI

SYAYV 1SEL J0 NOIL4I¥OSHEd

337S 3s9L

9L/LT/L

9L/6/L

9L/t/L

a3eqd

139




o ) Jir P I T WL LT BT S R S S o .

R |

|
|

1 931§ 3 BUuSjuUY 3UTATIOIY WOIZ MPIA LG 2aIn3T4g

=
~
-




\
. F.
3 —
Q
b L)
'f"{
A [9)] 1
3 1J
N [}
:
] « -
w :
131 i
¥ - < j‘g
>
n
w
o]
—
w
U
© L
2 b
(4] E'
oed 1
= E
- w '
e
Q
o
~
[s11]
o
1 iy
3]
4 i E
- i
3 '
13
E

141




Close-Up View of Grass at Site 1

Figure 59.
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1
|
. TABLE 21. SUMMARY OF DIGITIZED BISTATIC DATA
| Track Angle (TRACK) Site
f | Flight Pass CCT-File Start Tnd No.
f | (deg) (deg)
x 112076 4 19 - 2 73 111 1
4 5 19 - 3 68 100
o 6 19 - &4 a1 96
4 8 19 - 5 74 107
L 10 19 - 7 77 115
- 719176 2 18 - 2 51 112 1
- i 5 18 - 3 78 94
G 6 18 - 4 47 130
E 7 18 - 5 48 132
: 7/17/76 3 16 - 2 47 174 2
| 4 11 - 2 49 111
x 5 11 - 3 71 140
E 6 11 - 4 r9 145
¥ 7 11 - 5 48 141
E | 9 16 - 3 41 150
= |
. 10 16 - & 48 150
£ 11 16 - 5 50 151
: 12 17 - 2 50 149 ;
¥ ;
i i
5} . -
: | 145
b E .
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5.8.2 SYSTEM MEASUREMENTS

All angle measurements are oriented with respect to
magnetic directions; for example, wvalues of SCAN and TRACK
are defined as 90° when the direction of look is toward
magnetic West (Figure 1). During Passes 6 through 12 on
7/17/76, the direction of receiving-antenna look was rotated
by 180° to obtain bistatic backscatter components; for these
passes, SCAN = 90° corresponds to viewing toward magnetic
East. The reference of TRACK remained the same during the
entire experiment.

Transmitter illumination corrections are calculated
using (1) ¢pppacg information, (2) aerial photographs to deter-
mine the actual ground track for each pass (maps of these
ground tracks are shown in Figures 16, 17, and 18), (3)
transmitter antenna scan angle records (outputs of the air-
borne recorder), (&) voice reference marks, and (5) timing
marks. Thuese corrections are made, when necessary, as a
function of ¢rpack angle; however, for the time interval cor-
responding to a single scan of the receiving antenna, the
illumination correction is assumed not to change. Since the
ERIM data analysis program computes the effective scattering
area on the basis of the 10 dB receiver-response contour,
the angular extent of this area (as viewed from the

transmitter) is less than 30; therefore, the variation in
illumination is small for most geometries. However, some
situations exist where the scattering ground patch is near
the first '"null" (which is down approximately 11 dB) of the
transmitter antenna; in these situations, there could be
several dB variation within three degrees. Since the
estimated transmitting antenna pointing accuracy is approxi-
mately 1°, no additional corrections were made for these
situations. One of the recommendations discussed in Section
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7 is a system modification to correct this problem and to
reduce (by 3 dB) the error now produced by variations in
illumination level. This modification would entail ground
measurements of incident power.

Studies of the chart records reveal that the incident
power is low during the first half of each pass and increases
during the last half. This could be due to antenna beam
distortions caused by the aircraft wing during the forward
looking angles of the spotlighting. Data are presented in
Figure 62 for the first half and the last half of a pass to
illustrate this situation. Questions regarding the possible
distortion of the transmitting antenna pattern by the wing
would be resolved by the ground power measurements referred
to above.

Calculations of the specular reflection delay relative
to the direct signal path were made for each geometry.
Ixamples of these are given in Figure 9. The receiver gating
is accomplished by using reference pulses on the local
oscillator signal. These pulses consist of 50 nsec L.O.-off
periods 2t the basic clock rate or PRF of the transmitter
(4 kHz). The receiver is gated on & =50 nsec after the
direct »pulse. The value of & is adjusted so as to insure
that the specular signal does not enter the receiver during
the period when the receiver is gated on. As described in

Appendix B, the sample-and-hold detectcr is delayed by
approximately one-half of the received bistatic pulse length.
As a result of the receiver gating delay, the specular re-
turn peak does not appear in most of the data shown in

[~

Section 5.7.

Estimates of the signal-to-noise 1atio realized during
the data gathering are given in Figure 53. There is some
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spread in these values due to variations in the footprint
area Agd for varilous geometries. As discussed in Section
5.7, a minimum signal threshold is used in the data pro-
cessing to reject samples having S/N < 3 dB.

5.8.3 MONOSTATIC MEASUREMENTS

Monostatic cross section density values were calculated
using the SAR imagery obtained during Pass 9 on 7/2/76; the
imagery is shown in Figure 64; both sites 1 and 2 are in-
cluded. Calibration reflectors may be seen to the south
(left) on the radar imagery. Optical signal-intensity mea-
surements were made using the ERIM precision optical
processor (POP). These measurements were made ior the
clucter of test area 2 and for the calibration reflactor;
then, thei. ratio was calculated. Using the cross section
value of the reflector (corrected for the angle of viewing)
as a standard, a backscatter reflection ccefficient value

of 0y = -13 dB was obtained at A = 23 cm. This value com-
pares with a 23 cm value of o = -17 dB at ¢_ = 180° (that
is, the backscatter case) obtained from Passes 6 and 7 of
the 7/17/76 flighit. Not only were the transmitted and re-
ceived signal paths in the same vertical plune for these

passes, but they were located almost along the same straight
line (between the scattering patch and the receiving antenna).
For Pass 6, these paths were 10° from colinearity; for Pass
7, the difference was 59,
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Figure 64 . Imagery from Fass 9, Flight 7/2/76




6
ERROR ANALYSIS

A summary of experimental parameters used in the
determination of the values of o, is given in Table 22,
applications and accuracies are also discussed in the table.
uncertainties in the absolute values of these parameters
contribute to the total error in the final values of ¢
obtained. Error sources for the bistatic measurements
system can be classified into three basic groups:

v

1. instrumentation,
2. receiving antenna response, and
3. sampling.

There is uncertainty (a) in the measured values of the
transfer functions of the receivers and recorders, (b) in
the basic geometric parameters of the measurements, and (c)
in the illumination or incident power level. These values,
when used in the bistatic propagation equation to solve for
Oy combine to give a total instrumentation error. Con-
tributions to the received signal power due to sidelobe
response of the receiving antenna canrot be completely
accounted for and thus constitute a second error source.
Finally, there is an error due to the i{inite number of,
samples available from the measurement to define Oo- This
latter error will not be discussed in detail here since it

has already been covered in Section 35.5.

6.1 INSTRUMENTATION ERRORS

The bistatic radar equation for g, can be written
as follows by combining Eqs. (29), (53), and (54):
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i e AT = o N g s & s =,

(41)° p_
o_ = x (55)
o 2 fT fR wp¢ hit(A)j da
P, \° G G L -
i oT “oR 2 2
A r.° r
gd i s

An error in any of the quantities in Eq. (55) leads to an
error in the value of O Figure 65 provides a simplified
schematic of a bistatic measurement channel as an aid in this

discussion. 7The instrumentation ervrors which occur in such
a channel fall into two categories, systematic and random.

The systematic errors add a constant bias to the
measurements; Tahie 23 lists the sources of these errors.
It is estimated that neither the transmitter power ncr
the receiver power can be measured to better than +1 dB,
in addition to an error of about +0.5 dB in the power meter,
the transmitter power is monitored through a directional
coupler whose coupling coefficient may be in error by
approximately +0.5 dB. The received power is found by com-
parison with a calibrated source; the estimated error for
measuring the power in this reference source is also +1.0 dB.
From experience, it is estimated that the peak antenna gain
can be found within +0.6 d8. There are losses in the trans-
mission lines between the transmitter and the transmitting
antenna, in rotary joints, in the radome, in the troposphere,
and in the transmission lines between the receiving antenna
and the input to the receiver. At the wavelengths used in
this experiment, atmospheric attenuation will be negligible.
The uncertainty in the transmission line attenuation will
therefore be the dominant factor in computing the losses.
Finally, the receiver gain will drift slightly from its
value at calibration.

The maximum value of the systematic error is +4.7 dB,

but it is unlikely that ali the errors will add linearly; :
L
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TABLE 23. ESTIMATES OF SYSTEMATIC ERRORS

(Log-normal distributions assumed)

Source Magnitude
oLource ——%3§7—__

Transmitter power error +1.0
Received power error +1.0
Transmitter antenna peak gain +0.6
error
Receiving antenna peak gain +0.6 A
error .
Losses in microwave components, +1.0 '

radome, and atmosphere
Maximum gain drift with temperature 0.5

Maximum = 4.7
RMS Value = 2.0

N e
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- hence, an RMS value of 2 dB is more representative of what
. will occur in practice.

Table 24 lists the sources of random error. The first
source is the variation in transmitting antenna gain because
of pointing errors. During the spotlight operation, it was
not possible to aim the autenna precisely at the receiving
tower, and the transmitting antenna boresights were deter-
mined to be in error by as much as 10 degrees. Uncertainty

in the transmitting antenna gain was the largest single
| error source.

-

Experience has shown that the aircraft can be flown

. down a tube 400 ft wide; hence the position error is +200 ft.
At a range of 10,000 ft, this results in an error of about
+0.2 dB in R;,. Estimated variations in the level of the
terrain result in an error of +0.2 dB in R . Multipath
propagation can cause fading; however, there was no evidence

of multipath effects in the measurements.

4 The other random errors in the instrumentation are in
! the receiver and recorder. First, there is receiver noise.
At 3 cm, the signal-to-noise ratio is estimated to be about
20 dB (after noncoherent integration) at a slant range of
20,000 ft, which results in an error of about +0.4 dB; the
signal-to-noise ratio is higher and the error is therefore

B e L s T PP Y

less at 23 cm. Since S/N depends on the slant range, the
error resulting from receiver noise increases with slant
range.

The receiver gain is a function of L.0. (local oscillator)

e e, e v

power, as the conversion loss in the mixer depends on the level
of this power. 1If L.0O. power is above a threshold value,

i the conversion loss increases about 1 dB with each 1 dB
' decrease in L.0. power. The threshold level and variation

S of the conversion loss depend on the particular mixer in




.;,r
TABLE 24. ESTIMATES OF RANDOM ERRORS
: éi Source Magnitude
,g (dB)
Pl -
'y Transmitting antenna pointing errors 4.0
;R Position uncertainty of transmitter +0.2 ,
} | Height variation of ground 0.2
i Receiver noise (26 dB S/N after non- *0.4
) coherent processing)
Receiver gain error (L.O. power variation +1.0
and other factors)
Sample and hold error (10 nsec jitter) 1.3
Tape recorder error (noise and jitter) _ +0.3

Maximum’. = 7.4
RMS Value = 3.5
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the system; actual measurements were made on the receiver
and their results are discussed in Appendix B. VUncertainty
in the receiver gain because of local oscillator power
variation is estimated to be +1 dB.

The sample-and-hold circuit (S-H) is another large
contributor to the random error. Jitter on the hold command
causes the S-H to be triggered in such a way that (1) the
data are sampled at the wrong time, (2) the voltage stored
will be slightly in error, (3) the voltage stored will
decay with time, and (4) there will be feedthrough during
the hold mode. With a well-designed sample-and-hold circuit,
the last three factors are negligible compared to the timing
error. Regarding the latter, the receiver has a threshold
circuit and the hold circuit is pulsed wheriever a threshold
level is exceeded. The timing error depends on the thres-
hold level, the sigpal-to—noise ratio, and the sidelobe
energy entering thp'receiver. (A signal-to-noise ratio of
10 to 23 dB was noted at 23 cm; see Figure 63) Measurements
on S-H show that the RMS timing error is 10 nanosec, re-
sulting in an RMS error of about 1.3 dB in the output
"signal.

With certain geometries and 9 characteristics, the
specular return entering the receiving antenna sidelobes
could exceed the threshold and trigger the sample-and-hold
cirecuit too early, resulting in bad data. However, with
the geometrical situation used, this effect was not observed.

Since the output signal is recorded on magnetic tape,
tape recorder noise degrades performance. In an FM tape
channel, the ratio of the full scale signal to the RMS
noise is about 44 dB. To prevent saturation on occasional
large returns, the drive level to the tape recorder will
normally be about 10 dB below the maximum signal; hence,
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the signal-to-nois¢ ratio out of the tape recorder will be
34 dB and the tape recorder will thus add a randum error of
0.3 dB.

The RMS value of all the random errors is ~bout 3.5 dB.
The estimated total error for both the systematic and ran-
dom components will be the square root of the sums of the
squares or about #6.6 dB for the instrumentation. As
discussed in Section 7, this error can be reduced to about
+3.5 dB in future measurements. (For comparison, with the
ERIM rotary platform, monostatic c¢ross sections are measured .
to better than 4 dB [15]; also, the estimated accuracy was
t6 dB during the ERIM meonostatic clutter measurements [16].)

6.2 RECEIVING ANTENNA PATTERN ERRORS

The power received, P, in each of the receiving
channels contains three components, as follows:

Pr = Pmi + Psﬁ + Pcc (56)

P is obviously the desired component, while Py (sidelobe
contribution) and PCC (cross polarization contribution) will

cause errors in the % measurements.

From the bistatic radar equation, assuming a broad
cransmitter beam, la-ge Ri’ and a narrow receiver beam (so
that the receiving antenna footprint is always within the

15. This reference will be made available to qualified i ilitary and
government agencies on request from RADC (OCSA) Griffiss AFB
NY 13441.

16. R.W. Larson and W. Carrara, Measurements of X-band
Clutter Statistics with an Amplitude Calibrated Radar
Report No. AFAL-TR-74-~44, Environmental Research
Institute of Michigan, Ann Arbor, June 1974.
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transmitting antenna footprint and the gy in the former

area can be considered constant),

°om2 Ans Cma
Pag 7 (57)
RS

If the beamwidth of the receiving antenna is Br, then

A = Br y, sec 65 tan es . Br y, sec GS (58)

mL
e T LN S N

length width

Using Eq. (58) and the fact that RS =y, sec 6, Eq. (57)
becomes
P «oa 6.2 tan 0_ G (59)
mf o r U8 Tmk
mb
Let Gsz represent the far-out sidelobe receiving
antenna gain level which is assumed to be constant.
on an Ohio State report [17], it will be assumed for the

purpores of illustration that bistatic % values can be
Thus,

Based

approximated by a Gaussian function on a pedestal.

2 2
GS - 9 ¢s
o= 0, exp {- 1.385||————=2| + [— + o0 60)
¢ a o Y
0, ¢ P

[0}
max
S

This equation gives the general o, trend for loam or smooth

sand when O, << 04 and should approximate the terrain of
max
test site 1.

17. W.H. Peake and T.L. Oliver, The Response of Terrestrial
Surfaces at Microwave Frequencies, Techrical Report No.
AFAL-TR-70-301, Chio State University, Columbus,

May 1971.
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For sz, it was assumed that % is constant and that
the receiving antenna beam is narrow. Now, if a wide
scattering lobe and a constant receiving antenna gain are

assumed, an approximate relationship for P_, can be written

L
by following steps similar to those used to find Pyt

% tan o G, (61)

Then, combining Eqs. (59) and (61) gives

2
o
sz ) oy Br tan es Gmﬂ
Psl * % g u¢ tan a Gsl (62)
max S 8

With loam or smooth sand, the 9, 3 dB lobe widths o

0
and a, are on the order of 10°. Since Br is 5°, s
S
g G
Pog . Omg ™ (63)
P 4 o G 2
st Onax s

if the tangents are approximately equal. Since PmR/Psz is
6 dB, if the average receiver antenna sidelobe level is

30 dB down, Pm will equal PS 24 dB down from the o

. . max
Thus, for this type of bistatic scattering pattern, measure-

ments are valid only in the vicinity of the 9 mainlobe
unless antenna sidelobe power is gated out; this was done
in this experiment.

Figure 66 shows plots of (1) a one-dimensional o
model and (2) the calculated 9 value using a rectangular
receiving beam and sidelobes 30 dB down. Note that cal-
culated Yy levels off to 25 dB below the mainlobe power.

The receiving antenna beamwidth is 5° compared with a 3 dB
lobe width of 14° for o, The significant beamwidth of
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the receiving antenna causes the calculated power to be
slightly above the o, model curve for ¢ = +10 or 1200 and

slightly less than the model value near 9% (¢S = 0);
max
each of these errors is less than one dB. For rough sur-

faces, the 9y mainlobe (that is, the specular reflection)
is much less pronounced; as a result, there is less of a
problem with the antenna sidelobe energy.

6.2.1 SIDELOBE EFFECTS ON DATA

In the measurement situation for which data were
obtained, the time delay between the specular return and
the bistatic return is greater than the 90 nsec pulse width;
here, range gating eliminated the specular return coming
through near sidelobes. Figure 9 shows a piot of the
difference between the time delays for the bistatic returns
and the direct-path signal as a function of receiver azimuth
angle from broadside for two aircraft positions, 45° ahead
of broadside and broadside. The differences between the
time delays cof the specular return and the direct path are
also shown. Yor this figure, the transmitter height Y9 is
7,000 £t and the distance X, between the transmitter and
the receiver at broadside is 20,000 ft. The receiver
height Y1 is 100 £t and the scattering angle 04 is 459,
Figure 9 shows that the effectiveness of range gate dis-
crimination varies considerably with the geometry; therefore,
the additional delay § is added when necessary.

The instrumentation system (Appendix B) utilizes a
receiver gate of approximately 2 psec duration. This
duration, in combination with the width of the transmitter
pulse, results in the gating out of most of the sidelobe
power. In fact, the measurement results* show less than a

* Several computer model examples were provided by GRC to
demonstrate the effects of sidelobe power.
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1l dB error due to sidelobe power for the geometry used.
These results were obtained using the 10 dB receiving
antenna vesponse contour, which corresponds to a beamwidth
of appfoximately 9.36°.

In order to investigate other parameter values not
covered in the experiment, values of o, were calculated as
a function of receiving antenna beamwidth. These calcu-
lations show that increasing the beamwidth to 19° changes
the %, value by only 0.6 dB, even though (with the geometry
of Flight 7/17/76) the resulting integration area extends
to the horizon. A separate (hand) calculation was made
which included 6 receiving-antenna sidelobes (corresponding
to the total receiver '"on'" gate time); this calculation
shows a change of less than 1 dB in the 9y value, as com-

pared with the data analysis results based on the 10 dB

contour. geometry.

Based on these two calculations and the measurement : g
results, the o, error from sidelobe contributions is :
estimated to be less than 1 dB.

6.2.2 POLARIZATION ISOLATION

Appendix B discusses Pcc' the power cross-coupled
into a receiving channel because the cross-polarization
isolation in the transmitting or receiving antenna is not
infinite. For example, if the transmitting antenna is
vertically polarized, some power with horizontal polari-
zation will be transmitted because of antenna properties
or aircraft pitch. The cross-coupled power is normally
significant only in the cross-polarized receiving channel,
because the cross-coupled power is insignificant compared ‘
with the parallel-polarized power in the parallel channel. %

For example, if the cross-polarization isolation were 25 dB,
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Pml and PCc would be equal 1if S vy is 25 dB above 9oV In
fact, the measured isolations for the 3 and 23 cm wavelength ’
transmitting and receiving antennas range from 20 to 31 dB. :

6.3 ERROR ANALYSIS CONCLUSIONS ,
6.3.1 INSTRUMENTATION ERRORS _ ?’

-

Instrumentation errors can be classed as systematic or [
random. The systematic error is estimated to have a maximum !
value of 4.7 dB and an RMS value of 2.0 dB; the random error
has an estimated RMS value of 3.5 dB. These errors are be- .
lieved to be realistic since they are based on instrumenta-
tion tests and the results of the data-gathering experiments. "
Transmitter antenna pointing is the largest single source of
error. The total error is estimated to be =6 dB.

The problem of energy entering the receiver sidelobes
must be considered for the measurement geometries in the
| program. Range gating has insured that the specular return
il was not received through the antenna mainlobe. The average
w sidelobe response of 24 dB down provides adequate spatial
filtering in the specular plane. A limiting factor in the -

measurement of cross-polarized 9, is’ the cross-polarization
. isolation of the transmitting and receiving antennas; this

f; isolation ranged between 20 and 31 dB for the 3 and 23 cm _
EE wavelength transmitting and receiving antennas. 8

Errors due to sampling effects are introduced at dif-
ferent points in the data gathering and analysis process.

e e e e oo ot g ]

The finite sampling window of the sample-and-hold detector

results in a location ambiguity of 10 nsec or 10 ft of -

AT )

processed error. However, this produces negligible error
in the 9 calculation. The basic timing error in the S-H
results in a 1.3 dB error in the output signal. Tape re-
corder noise will add 0.3 dB to che total error.
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6.3.2 SAMPLING ERROR

Error bounds (or confidence) in the estimate of the
mean value of g, are a function of the number of independent
samples, as discussed in Section 5.5. The average number of
independent samples of each 23 ¢m data point is about 10,

mean value (Figure 28).

independent samples for 3 cm data points is 35, giving a
3.5 dB spread in the 957 confidence interval for the mean

value.

.giving a 5 dB spread in the 957 confidence interval for the

Similarly, the average number of
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7
CONCLUSIONS AND RECOMMENDATIONS

The following conclusions and recommendations can be
made based on results reported in the preceding sections,
A more detailed discussion of conclusions about the data
obtained is given in Section 5.7,

7.1 CONCLUSIONS

During the course of this program, a system was
developed for the determination of bistatic scattering co-
efficients of terrain. The system consists of two integral
parts. The first part is a coherent data-gathering system;
this includes transmitters and receivers which provide
simultaneous measurements at 23 cm and 3 cm wavelengths
with a dual-polarization capability (that is, parallel and
crossed polarizations) at each wavelength. The second part
is a data processing system; its principal element is a
data reduction and analysis computer prcgram for the con-
version of raw recorded power and aspect data into bistatic
scattering coefficients.

The bistatic instrumentation has been used in this
program to gather data for large incidence and scattering
angles. However, it is capable of obtaining data at any
combination of incidence and scattering angles for a com-
plete range of bistatic azimuth angle from 0° to 180°. The
measurement technique was specially designed to ensure an
adequate number of samples for the determination of 50,
under the assumption that % is log-normally distributed
for a fixed set of aspect, wavelength, and polarization
conditions. The efficacy of the log-normal assumption was
reinfcrced by observing that, for most passes, the scatter
of 9 values was such that some 667 were within 5 dB cf 30
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Limitations on the range of 96 values that can be mea-
sured are due to the measurements geometry required and the
available power. Values of o, as low as -20 dB at 3 cm and
-40 dB at 23 cm can be measured.

. e gy
e ol A L ‘

The a, results obtained from the data processing program
are in general agreement with the small amount of data avail-
able from other measurement programs. In addition, these o 7
results agree well with an independent analysis of the same ; E
i E data carried out by General Research Corporation. It was also

. found that o values matched quite well at the common
aspect points (near ¢S = 900) for forward and backscatter-

. ing passes, which were generally separated in time by an
hour or more. Such matching of Eo data points confirms

Coi the validity of the data-gathering and processing methods.

AL it

bl

i Values of g, were obtained for two terrain types which
have roughness scales differing by approximatcly an order
of magnitude. The results show that . values from the two
sites differ by about 10 dBR, with the lower 9, values cor-
: responding to the smoother site. Also, a4 comparison of %
as a functicn of wavelength was made, with the general con- ‘

clusion that 3 cm % values are approximately 10 dB larger
than 23 cm Y values for each test site.

This experiment is the first to obtain bistatic
scattering data from air-ground geometry using coherent
instrumentation. The instrumentation operated very weil
during the data gathering program; clearly, its great
D flexibility would permit its use (1) for two-aircraft, co-
herent mcasurements of either scattering coefficients or
clutter statistics or (2) for coherent bistatic system
demonstration. '
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7.2 RECOMMENDATIONS

The requirement for qurantitative measures of bistatic
scattering coefficients and for bistatic clutter statistics
still exists, although results from the work reported here
have contributed to the start of a data base for bistatic
scattering. In order to broaden the available data base so
that the distribution of g, can be determined for a fixed
set of aspect, wavelength, and polarization parameters, it
ic recommended that additional bistatic measurements be
made using the instrumentation and anelysis techniques de-
veloped duriag this program. To implement this general
objective, the following specific recommendations are made:

1. Additional analysis should be performed on the
empirical data obtained from the present pro-
gram. This should include (a) analysis to
obtain 9 values from the cross-polarization
data available and (b) utilization of the AT
channel records to verify the scattering area
values used in the completed analysis.

2. Several system modifications are recommended.
One of these would be the installation of
a two-channel receiving/recording system to
receive and record a measure of incident
power. Such an absolute measure would be
used directly in the computation of 0y
eliminating the necessity to determine trans-
mitter antenna pointing direction during each
spotlight pass. This modification would im-
prove the accuracy of the absolute values of
9, by approximately 3 dB (Section 5.8.2).
Also, if measurements of lower Oy values at
3 cm are desired, transmitter power can be
increased for this wavelength. Finally,
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several additional modifications to simplify
the overall operation of the data-gathering
instrumentation and the data-processing system
would be appropriate.

Additional data-gathering flights should then
be conducted in order to cover a larger vange
of bistatic angles and a variety of terrain

types.

The existing instrumentation should be incor-
porated into a two-aircraft, bistatic, four-
channel, c¢coherent, measurements system SO as
to provide data from which further estimates
of clutter statistics can be obtained. Be-
cause of the increased flexibility of the
two-aircraft system, such data can be obtained
for a wider variety of terrain types. Also,
such a system can be used as a demonstration
of the operational bistatic system.
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SYMBOLS

dish radius
area variable

semi-major axis of receiving antenna
footprint ellipse

aircraft
scattering area

points in area Agd

area of receiving antenna mainlobe
footprint

receiving antenna aperture
bandwidth

semi-minor axis of receiving antenna
footprint ellipse

bits per iuch
speed of light

x-coordinate of center of receiving
antenna footprint ellipse

y-coordinate of center of receiving
antenna footprint ellipse

dish diameter = 2a

direct distance from transmitter to
recelver = V&% + z% + (yy - yl)z
scattering surface eclement

distance measurement equipment
incremental power at receiver antenna

power density of the scattered wave at
a distance r_ from the scattering surface
element dA

elliptical footprint area where
X = T(ransmitter) or R(eceiver)
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Er =1 range ellipse (intersection of ellipsoid
. |Pp - P1| + |P - le = 2q with a flat
earth, "'where P is“a variable point

Er1 successive range ellipses defined by the
receiver sampling time and the trans-
E. mitter pulse length
2
3 f radar frequency
F focal length of antenna
fd Doppler frequency (absolute)
) £0 reference Doppler signal
_ fdr relative Doppler frequency
- . fT transmitter antenna power gain pattern =1
g! - fR receiver antenna power gain pattern = A%(u)
P fl/2 width of frequency spectrum between 0 and
; 1/2-power point
- G receiving antenna gain
; sz antenna gain for mainlobe
: } G, antenna peak gain
5‘i : Gor receiving antenna peak gain
é ; ‘ Gp receiving antenna (average) gain
2 L G;H peak gain at horizontal polarization for
SR vertically polarized receiving antenna
|
Grse gain of receiving antenna in sidelobe
region
GRV vertically polarized receiving antenna
peak gain
Gsﬂ antenna gain for far-out sidelobes
GT transmitting antenna (average) gain
peak gain at horizontal polarization for
vertically polarized transmitting antenna




vV

HH

h [t(A))
HV

av

vertically polarized transmitting
antenna peak gain

horizontal-horizontal polarization
response function for receiving antenna
horizontal-vertical (crossed) polarization

fp fg W4 h{t(a)] “

2 2
Agd ry T,
integer
integer

second~order Bessel function of argument u

integer

2

(4m) >
Boltzmann's constant

Gh, L

OR

kernal which includes the range and
power pattern factors as well as the
constants Pi and K

integer
total system losses
aperture length

local oscillator
Michigan Terminal System

number of samples obtained in a 5° azimuth
interval (that is, per receiver beam
position)

number of ground patches for which data
are collected

number of samples which are coherently
integrated

ground distance corresponding to a re-
ceived pulse length

integration point
average transmitted power
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P, = (0, y1. O

Pyl yp0 20D
R(0, y;, 0)

Py = (g vy 2p)

Pylxgr ¥g0 29) +
Tlxps ¥ 25)

power cross coupled into receiver of
wrong polarization.

direct power (enters through sidelobes)
transimitted poweéer

power incident in scattering area Agd
power received via the mainlobe

precision optical processor
received power = P, o, KI

power incident on receiving antenna
aperture

pulse repetition frequency
vertical-channel received power

specular point
power recelved wvia the sidelobes

receiver location vector

receiver R location in (xo, Yo zo) co-
ordinate system

transmitter location vector

Transmitter T location in (xo, Yo zo)

coordinate system .5) =Vrkg + y% + z%

complement of the squint angle (that is,
the angle between the plane of incidence
and the vertical plane containing V

variable radius to point in antenna
aperture (0 £ r < a)

total bistatic signal path from trans-
mitter via scattering area to receiver

radius of circular scattering area

distance from transmitter to integration
point

L T T Y PYTTPAITRNY T )
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SCAN = 90° - PscAN navigational angle measured from the
negative z,-axis to the line which runs
from the receiver foot to center of the

Ry distance from transmitter to origin of
X, ¥, 2z system (center of receiving an- .
tenna footprint) X
. RMS root-medan-square . 3
Ty distance from receiver to integration 4
point
R, distance from receiver to origin of 7
X, y, z system (center of receiving an- 3
tenna footprint) L
4
R(0, y, 0) receiver location in x , y , z_ co-
. o' o' “o
‘ ordinate system
;!1 ) =‘#%4-y§+-zg distance between x,, ¥, %, origin (re- ) ”f
. ceiver foot) and transmitter ”
L s standard deviation ]
3 s variable unit vector which traces out a
o cone '
. SAR synthetic aperture radar |

T

- receiving antenna footprint |
: S-H sample and hold [
f! S, power density incident upon scattering é
N + surface element dA R
y 1 R .-
i S average of single-pulse received power -
L n values over a 59 azimuthal interval 3
L . . . g
a S/N signal-to-noise ratio 4
?'; STALO stable local oscillator E
.ij t time g
f-? T time between independent samples for 4
Lo Gaussian clutter spectrum 4
[ T; sampling time interval ’f
» Ty noise temperature of the receiver F
? Tp time on a patch 5
? ! TRACK = 50° - ¢TRACK navigational angle measured from the . 4
& negative zy-axis to the line which rums |3
- from the receiver foot to the transmitter a

foot




i . o o= %? sin ws argument of Bessel function Jz(u)
: . v vector
' v unit vector
: . \Y aircraft velocity
v aircraft velocity vector
;c fixed vector to some arbitrary point on
beam axis
V4 Doppler velocity
VH vertical-horizontal polarization
' 'A% vertical-vertical polarization
W unit vector defining axis of cone
: W 6 weight function describing the variation
o P of o over the area A
i o gd
xi single-pulse measure of received power
f X6 Xgo~coordinate of either of two points in
: the ground (yo, = 0) plane which are the
intersections of the receiver footprint
ellipse with a slant plane containing
the receiver antenna field pattern cone
axis and which is normal to the vertical
plane containing the same axis
(x_, Yor zo) range-curve coordinate system with origin
= © at receiver foot, etc.
E
¥ (15 ¥ 2p)
3
3 R(O, AR 0) coordinates of receiver in (xo, Yoo zo)
system
X, ground distance between receiver foot and
E projection of flight path on ground along
L normal to flight path (also, x-coordinate
R of transmitter) in X0 Yo 24 coordinate
- ! system 4
(Ryy ¥pr 2) = i
§ _ T(xz, Yoo zz) coordinates of transmitter in (xo, Yo zo)
| system
Yq height of receiver (y-coordinate of re-

ceiver in Xy0 Yo %o coordinate system)




Yy transmitter altitude (y-coordinate of
transmitter in x, Yor Zg coordinate

; system)
; Zoo z-coordinate of either of two points in *
; the ground (yO = 0) plane which are the
: intersections of the receiver footprint
ellipse with a slant plane containing
the receiver antenna field pattern cone
axis and which is normal to the vertical
plane containing the same axis
l Greek
L o angle between receiver-to-patch direction
L and receiver-to-transmitter direction .
a, half angle of cone
a specular angle = b; = 04 for specular ’
3 o reflection
Lo ‘ ag lobe width for o  in the plane of angle @
‘ s
% lobe width for o in a plane perpendicu-
s lar to the plane of angle 6, and passing
through RS
L 8 antenna beamwidth
' i B receiving antenna beamwidth
By transmitting antenna beamwidth '
8 additional time delay provided to insure
separation of direct and bistatic signals
3
Afd Doppler shift ‘é
; bp =R - d difference between scattered path length N
and direct path length , '
AT time at receiver from end of direct path é
: pulse to time at which received bistatic i
: pulse is sampled ;
: A8 = sampling :
angle half of angle subtended at transmitter :
or at receiver by scattering areas :
88, transmitter sampling angle ;
Ceo
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86 receiver sampling angle (that is, the
. gscattering angular interval subtended
P by the ground patch)
Pl n angle defining some fixed power contour,
P or value of ws, measured from beam axis
; 0 angle measured from the normal to the
P scattering area
: Bd ' " angle between aircraft velocity vector
and direction of incidence
6, incidence angle (at patch) of radiation
Fo from transmitter
%' ‘ elimit maximum value for ei =0
6g scattering angle (at patch) of radiation
o to receiver
,; A ) 8J2(u) radar wazelength ) .
hAy(u) = —y— where Jp(u) is 2nd-order Bessel function
2 u of argument u

mean value

one of polar coordinates of point in
x~y plane of x, y, z coordinate system

T W
©

o radar cross section
% RCS per unit area = radar cross-section
density
’ 30 mean of n samples
9% radar cross-section density for receiver
md mainlobe footprint
op cross-section density in pedestal region
transmitter pulse length
v ¢ ' one of polar coordinates of point in x-y
plane of %, y, z coordinate system
%31
angles from the ground track to the two
, ¢12 edges of the footprint
¢g supplement of angle formed by receiver
. foot, surface increment reference point,

and transmitter foot (in x, y, z system)
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] ¢SCAN=E90° - SCAN angle between x -axis and x'-axis (that
: j is, pointing direction of transmitter .
antenna)
PrRACK = 90° - TRACK angle between x_-axis and line from re- K
. ceiver foot to “transmitter foot :
_ $TRANS transmitter antenna pointing angle f
] ; v bistatic angle between transmitter-to- ‘?*
ground signal path and ground-to-receiver -
. signal path 1
- wi (variable) angle measured from beam axis - 3
: of transmitter antenna E
3 ws (variable) angle measured from beam axis
’ of receiver antenna -
E
IE -
;
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. ; SYMBOLS: ADDENDUM

, € Polarization-angle error between transmitting
and receiving antenna axes

\
: 3 !
2 :
:v -
)
1
1
‘i i
1
P, 1
i
.
\
[ ]
I
i
i
=
,: .
-y R
f ' .
- N i
Py i
E
R
e .
. J €
. J .
E §
= ‘ !
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APPENDIX A
. THEORETICAL ANALYSIS AND DESIGN CONSIDERATIONS

This appendix gives a comparative discussion of some of
the parameters which govern bistatic clutter measurements
and from which system regquirements can be established.
Analyses of the measurement system indicate that a bandwidth
of about 30 MHz is required to separate the direct-path sig-
nal from the bistatic signal. A narrow circular receiving
antenna beam is necessary to limit the measurement region,
and the scattering geomery can be determined from the
orientation of the receiving antenna team. The incident
] ; geometry can easily be determined by measuring the signal

: delay (AR) and the absolute Donpler shift. However, neither
. of these methods is used in this program, although the sig-
- nal delay, AR, is measured and recorded. Incidence geometry
;'? is afforded by using the spotlight radar transmitter.

A.1 REQUIREMENTS AND BISTATIC RELATIONSHIPS

T

The system is required to measure the radar bistatic
cross section for an idealized patch of the ground surface, L
Agd’ bounded by a circle of diameter ZrA, such that: :

1. The area A g is small enough to subtend an
angle less than 2A6 at either the transmitter
or the receiver positions. 1In other words,

a cone with an apex at either the receiver or g
the transmitter and whose intersection with
the surface encloses Agd should have a half

angle less than AB,

|
| H
2. The area Agd is large enough to represent an F
. adequate spatial averaging of the terrain. '

3. The ranges of angles 6;, 6., and ¢ for which :




; items (1) and (2) above are satisfied must
' be as large as possible (0 < 8; < /2,

0 < 0, < /2 and 0 £ dg < 7).

i | A.1.1 SAMPLING ANGLE A0

o The sampling angle A9 which defines the half angle of
- the cone enclosing the measured area is related to the scat-

tering geometry as follows:

A . r r
; ; A A 2
i Aei = g cos ei = o cos ei (A-1)
i 2
r r
. A - _A 2 -
Aes = g cos es 7, cos” 6 (A-2)

s

SR where A8y and 7B, are the angles corresponding to the trans-

- mitter and receiver, respectively. It is evident that for

! 0; = GS, AGS > L06; since V1 < Yo

YAt v

i

A.l.72 LOWER LIMIT ON BANDWIDTH

A lower limit on the bandwidth can be based on the time

separation between the direct transmitter - receiver path
To explain

i o .

and the transmitter - surface - receiver path.
this, an approximate expression is derived for AR, the dif-

: ference between the transmitter-surface-receiver path
! (R = Ri + Rs) and the direct path d.

1A A g g e e N

f | From Figure A-1, the law of cosines yields

T

il

d2 R? + R2 - 2R, R_cos ¢
i s i7s

= : (A-3)

E 2 2 _ : E

- : RS + RS + 2Ri Rs ZRi Rs (L + cos y), 3
|7

il

i




where ¢y is the angle between the incident and reflected

directions. Then, since R = Ri + RS.
2 2
R - d° = 2Ri Rq (1 + cos y) (A-4)
AR(2R - AR) = 2Rj RS (1 + cos V) (A-5)
or

(8R)? - 2R(AR) + 2R, R (1 + cos y) = 0 (A-6)

whence ZRi hs
AR = R - R - (1 + cos ) (A-7)

R
R. R R; R
s - 1 7s . -

- Ve S (4-8)

The last equation is true for nost csses of interest
where Yo “* ¥y since

Y1 Y
Rs = Cos © and Ri = Cos 6. (A-9)
s i
whence
R, ¥4 COs 8
i _727 " s (A-10)

RS ¥yq €O0s &y

Even for the severe case of

@
i

= 80° and ei = 100, it turns
out, using Yo = 3000 ft and vy = 100 ft, that

R _ 3000  cos 80 _

ﬁ; 100 cos 10 5.3 . (A-11)




Using the above approximation (A-7) reduces to

2R,
AR =~ R - R‘/l - —R—S= (1 + cos ) (A-12)
Since
R, << R,

AR can be approximated by

AR = RS (1L + cos y) , (A-13)
where the bistatic angle y can be given in terms of ei, BS,
and ¢, as

cos y = cos ei cos es - sin ei sin es cos ¢S
(A-14)
Since cos y assumes its smallest value when og = 0, the
expression for AR reduces to
éRmile[l + cos (8 + 0] . (A-15)

Discrimination between the signal reflected from the
surface and the direct path signal, based upon the time
separation between the two signals at the receiver, imposes
a lower limit on the receiver bandwidth for a maximum value

of ei + es.

It is natural to assume equal maximum values for ei

and 6,, say 6 hence,

limit’

1 + cos 26 ,

ARmfnyl cos elimit = 2yl cos elimit )

Substituting AR = ¢/B where B is the system bandwidth and
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¢ the velocity of propagation, the bendwidth is found to be

B = c/(2y1 cos 0 ) . (A-17)

limit
Table A-~1 depicts some values for 0 imit and the required
bandwidth for yy = 100 ft.

A.1.3 CURSOR SYSTEM

The cursor system refers to the method used to define
the region for which the bistatic cross section is measured.
In addition to the requirements mentioned above on the defi-
nition of the region, it is necessary to be able to calculate,
with reasonable precision, the area of the region. It is also
necessary to provide sufficient isolation against reflections
from neighboring regions, especially those that have a high
bistatic cross section.

The options available in a coherent radar system include
antenna beam selectivity, range resolution, and Doppler fil-
tering or synthetic aperture processing. In addition, inter-
ferometer techniques can be combined with the radar system to
improve angular resolution. The following discussion provides
an estimate for the resolution available from these options to
help design a working system.

In calculating the resolution capability of these tech-
niques, use is made of the parameter A6 corresponding to the
half-angle of the cone (inside which the data are collected)
around a given scattering direction rather than of the surface
distance resolution, since the former is the more relevant for
present purposes than the latter.

1. Antenna Pattern Selectivity

Antenna pattern selectivity is particularly suitable
for bistatic measurement, since the angular interval 2 ag’




1
TABLE A-1. BANDWIDTH VS. ) ryro
i IL ®1imit B

T (deg) (WHz)

3 10 5.00

20 5.24

3 30 5.68
= 40 6.42
- 50 7.66
- 60 9.84

» 70 14.39
» 80 28.34
3 85 56.47




is independent of the scattering angle 6 and is determined
by the antenna beamwidth. Also, the received power is in-

dependent of the receiving antenna gain and the scattering area to

receiver range R, as long as the area of the scattering re-
gion is determined solely by the receiving antenna beam.

The radar range equation can be expressed in terms of
the effective receiving aperture Ap and the area Agd on the

ground determined by the receiving antenna as

(A-18)

(A-19)

P.G, A_.o
T d'o
P = -% -BS2 4
r ankg 4vr® R
s
Then, making use of the facts that, for an aperture of
length Lap’
A, = > L
R 4 ap
and

The radar range equation becomes

G\ 2
i°T 5
4n)2R§ ©

P
P =S
S

The antenna beamwidth B is given approximately by

A

B = g

Lap

To realize A8 < 2.59,

(A-20)

(A-21)
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- A x 180
Lap, 2. x 2.5x 11T46A
For A = 23 cm,
Lap'= 264 cm = 8,67 ft.
For A = 3 cm,

Lap = 34,4 em= 1,13 ft.

2. Range Resolution

In reference to Figure A-1,

+
i s cos ei cos es , and

Therefore,

2
AR cos GS

ag = ;T sin®

R is related to the effective receiver bandwidth by
= C
AR = 3

A-8

(A-22)

(A-23)

(A-24)

(A-25)

(A-26)

(A-27)
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', y, = transmitter altitude = 3000 ft
. ¥y = receiver altitude = 100 ft
1
: . V = transmitter velocity (V = 250 ft/sec)
. Figure A-1. Bistatic Geometry
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Based on this relationship, the bandwidth required to re-
solve an angular interval A9 is given by

B = s . (A-28)
ylAe sin O

For an angular interval of 5° and y, = 100 ft, the required i
system bandwidth vs bg is tabulated in Table A-2. It is

important to notice that range resolution capability can be

used near grazing for angular resolution, where (1) the

angular error A0 gets to very small values which are hard

to realize by antenna pattirn selectivity and (2) the scat-

tering measurements need that type of accuracy.

For measurements of 9 for By s 60° range gating cannot
be consistently used, values of angular resolution as a func-
tion of 0 for 30 MHz pulse bandwidth are given in Table A-3.
Range gating can be used to separate the signal received via
the direct path from the signal received via the bistatic

: scattered path. Also, range gating can be utilized to filter
| sidelobe contributions to the total received signal,

3. Simple Doppler Filtering

Considering the nominal values for the aircraft velocity

; (250 ft/sec) and the receiving tower height (y1 = 100 ft), é
% a nominal Doppler resolution (5 Hz) can be related to the S
..| g;
o angular measurement interval around 6; and 6g- The Doppler 1
- velocity vy is given by 3
i ! 4
;% ; Vg = V cos ed . (A-29) ‘ :
.| ; 3
o Doppler frequency can be expressed as 13
! ]

5 £.= Y cos 6 (A-30) |

; d A d - 3

é Then, : g

i A-10
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2 . TABLE A-2. BANDWIDTH REQUIRED FOR
(. A = 57, ¥, = 100 FT
b
4
g
- 0, B ~,
(deg) ~(MHz)
L 15 406.6
7., 20 291.2
! 25 219.2
30 169.2
35 131.9
40 103.0
45 79.8
50 60.8
55 45.3
60 32.6 |
65 22.2
70 14.0
75 7.8
: 80 .5
i
- ]
|
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TABLE A-3. 46 VS. 6_ FOR BANDWIDTH OF
30 MHz AND y; = 100 FT
y 8 AB @
o eg) (deg) ;
L 15 67.67 r
= 20 48.53
L 25 36.54
- 30 28.20
7; . 35 22.00
& _ 40 17.16
& ; 45 13.29
;; | 50 10.14
' 55 7.55
; 60 5.43
! 65 3.70
! 70 2.34
; 75 1.30
i 80 0.57
i
|
, ‘
l .
| o
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Mg = 3 B8, sin 6 (A-31)
or

A

Aed = '{,——S'mg Afd . (A-32)

The angle 84 is related to the incidence geometry as follows:

cos ed = sin ei 8 q. . (A-33)

Then,
BQd

sin ed 55; = sin ei sin qg (A-34)

and so
sin ed
84y = Fim 6; sin q A0y (A-33)
or
= A 1 -
bag V sin 85 sin qg Afd ' (A-36)

Table A-4 gives the value of Afd in Hz for different values
of Aqg in degrees for 6, = 30° and qq = 80°. The Doppler
frequency used in the above calculation refers to the
absolute Doppler frequency. Measurement of this absolute
Doppler requires a non-modulated reference from the trans-
mitter to the receiver. The absolute Doppler shift can be
evaluated by studying the time history of the reference
Doppler signal fdo' It is also of interest to study the
relation between the relative Doppler

A-13
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' TABLE A~4. CHANGE IN DOPPLER VS. CHANGE.
S IN SQUINT ANGLE COMPLEMENT

F ‘ Aq g 7 AE 4
2N T (dep) (Hz)
0.5 1.3
1.5 3.9
2.0 5.2
2.5 6.5
L 3.0 7.9

9.2

0.5

L 3.5
. 4.0 10.
: 4.5 11.8
5.0 13.1
5.5 14. 4
6.0 15.7
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|
, fdr = fd - fdo (A-37)
: and the angle ¢g. This Doppler, fdr’ 1s proportional to
S the rate of change of the path length difference AR (see 3
‘ Eqs. A-13 and A-14) 1
£ = 1 daR |
dr X dt
) Eﬂ d cos ¢
dt
y A
= .1 sin 6. tan 6 E_Egi_fﬁ
: i s
A dt
¥, do
= —= gin 6, tan es sin ¢y — . (A-38)
A dt
: d¢s/dt can be easily calculated by considering the planar ;
i projection of the scattering geometry in Figure A-2. This ;
i consideration leads to B
: do V sin(q_ - ¢_) !
. £ = S B (A-39) ]
g dt yp tan 6 g
o SN ]
:fi whence the relative Doppler becomes %
s |
3 - i : £ =¥ sin 8, sin ¢ _ sin( - ¢.) (A-40) %
E dr ~ A i s R s 4
i
since q = /2 . :g
1 Loy Thus, K

;;{ ] A-15

-
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A\
fdr = 5y sin 04 sin 2¢ _ (A--41)
and so
fdr - Y sin 6. cos 2¢ (A-42)
3¢ A i s

From the latter, the incfement of ¢s can be written as

Af

Aoy = % e cogr2¢ radianse . (A-43)
s
For the values
A= 23 cm ,
Vv = 250 ft/sec ,
8; = 300, and
Afdr '
8o = 0.3459 o5 76 degrees . (A-44)
S

Table A-5 gives the required values of Afd for Mg, = 2° for
different values of ¢.. In all of the above Noppler measure-
ments, the time of measurement must be greater than the in-
verse of the Doppler spread Afd. This severely restricts the
possivility of measuring the relative Doppler f,. .. This is
because, even if the Doppler frequency can be measured to
within a fraction of a cycle, the maximum number of points/
path is limited tc a small number. For example, using the
nominal value for the aircraft velocity as 250 ft/sec, a
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i . TABLE A-5. CHANGE IN DOPPLER VS. ¢

T @ed) ey ,

.695
434
.008

5
5
5
4.430
25 3.7.7
, , 30 2.891
35 1.978
40 1.004
‘ 45 0.000
i
o 3
| - b
: A-18
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23 om wavelength antenna beamwidth 10° to 12°, and a nominal
value of Ri = 4 to 5 miles, the transmitter beam illuminates
the useful measurement area for about 20 seconds. TIf 2°
accuracy is required in the estimate of ¢s, the measurement
time is about 3 seconds, which means only 6 measurements per
path. An even more severe limitation would arise if an
attempt were made to use simple Doppler filtering to limit
the bistatic measurement area.

A.l.4 CONCLUSION

The above analysis concludes that, within available
capabilities of a bandwidth < 50 MHz and simple Doppler fil-
tering (no synthetic aperture processing) with a passband
width of about 5 Ha:

1. Range gating and Doppler filtering cannot
both be used to limit the measurement area
(cursor system) except, possibly, for scat-
tering angles near grazing.

2., Antenna beamwidth is particularly suitable
and easier to use for determining the
measurement area.

3. Range delcy and absolute Doppler frequency
measurements (simple Doppler filtering) can
be used to determine the direction of inci-
dence (ei and ¢S). The reference for the
absolute Doppler measurement can be obtained
by study of the signal history of the direct
path.

4. The range of scattering geometry is limited
to the region described below:

ei: 30° to 80° (From aircraft altitude and
maximum range considerations)

A-19
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0_: 15° to 80° (The lower limit is set by

; the mechanical linit for
. : scanning a 10 ft dish in
- : the vertical plane.)

O 0° to 90° (In the forward scattering ‘
region.)

‘, ' s v . .
: S A.2 BISTATIC MEASUREMENT GEOMETRIES
! o

This section describes problems and geometries associated
with bistatic radar cross-section measurements. In the over-
i { all program,ERIM measured the bistatic terrain cross section

- : as a function of the angles 6,, 8_,and ¢  shown in Figure }
A~1. Data in the neighborhood of by = 0 are of particular

interest, although data in other regions are also important.

Major problem areas are: (1) resolution, (2) selectivity,

s (3) signal-to-noise (S/N) ratio, (4) calibration, (5) data
processing, (6) data statistics, and (7) data analysis. This

section discusses the first three factors, and the last from
the viewpoint of sidelobe contribution to received power.

Consider resolution. For meaningful data, the angles

6By, B8, and Ao which the scattering patch subtends at the
transmitter or receiver must be small compared with 6; 94,
3 and g The three methods of resolving the patch are antenna
selectivity, ranging, and Doppler processing.

Good selectivity is important, because the power mea-
sured from a scattering patch must not be contaminated by

i

i

!

% the direct signal from the antenna, or by the power entering

: the sidelobes of the receiving antenna. .

An adequate S/N ratio, which depends on the radar param-
eters, the geometry, and the type of processing, is necessary

for accurate measurements.




A.2.1 SIDE-LOOKING SYSTEMS

Figure A-3 is a sketch of the side-~looking geometry.
The transmitting antenna has a narrow beam (12° at » = 23
cm) orthogonal to the aircraft flight path. As the ailrcraft
passes the receiving tower, the receiving system picks up
the scattered signal. Since the tower height is much less
than the aireraft altitude, the measured terrain is near the
tower.

Consider ranging for resolving the terrain patches.
The constant time delay contours lie far apart on the ground.
Figure A-4 shows typical contours for an aircraft height of
3500 ft and a minimum ground separation of 4000 ft. The sig-
nal reaching the receiving antenna first follows the free-
space path; this path length is 5249.8 ft. The first
scattered return, which comes via the specular reflection
point, has o path length of 5381.5 ft. Since the path dif-
ference is about 130 ft, the range resolution must be better
than 130 ft to gate out the direct signal coming through the
receiving antenna sidelobes. Power calculations show that
the direct signal power will be much greater than the
scattered power; therefore, range gating will be essential.

Figure A-4 has contours for path differences of 30, 60,
325, and 625 ft compared with the minimum path length via
the specular reflection point. Since the contours are far
apart, fine range resolution 1s necessary for isolation. A
30 MHz bandwidth yields a range resolution of 10 m, but e,
the scattering angle subtended by the ground patch, is too
large for measurement purposes, particularly near the tower.
Ranging, however, is still needed for the rejection of the
direct signal and sidelobe energy. Antenna selectivity re-
mains the only method of securing resolution in the direction
toward the flight path. For a narrow elevation beam, the
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receiving antenna must have a large vertical aperture with
weighting for sidelobe reduction.

Parallel to the flight path, a wide aperture with the
corresponding narrow beam will furnish the necessary angular
selectlvity or, alternatively, Doppler processing will yield

resolution which is independent of the slant range from the

receiving antenna. With a monostatic synthetic array radar
and a broadside antenna, the theoretical resolution is half
the antenna aperture or D/2. For the geometry of Figure A-3,

_the best possible resolution with a stationary antenna and

Doppler processing is D. 1In the bistatic case, the phase
shift is half that in the monostatic case, doubling the
resolution.

With synthetic aperture processing, the target must re-
main within a range resolution cell in spite of range curva-
ture. For Figure A-~4, the slant range to a patch will very
5 1/4 ft during a pass with a 12° transmitter beam. At a
20,000 ft range, the slant-range change increases by 36 1/2
ft; hence, the range resolution must then be greater than
36 1/2 ft. A 30 MHz bandwidth with 30 ft resolution is not
possible at this range. Range curvature thus dictates a
compromise between range and azimuth resolution.

An alternate receiving system has an antenna beam narrow
in elevation but broad in azimuth as in Figure A-5. Synthetic
aperture processing supplies good azimuth resolution for patch
separation, but the maximum allowable value of Ad limits the
azimuth resolution. If AB < 3.59, only half of the 12°
transmitter beamwidth can be processed, and the azimuth
resolution is twice the transmitting antenna aperture or 13.4
ft. When 8, = 457, a 13.4 ft width subtends an angle of 5.5°
from the 100 ft receiving tower. Here again, there is a

trade-off. Fine azimuth resolution requires too large a

it
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value of A¢s'from,the transmitter; on the other hand, with
poorer resolution, the patch subtends too large a A¢ value

at the receiver.

The angle Og determines the number of data points per

pass; there are more points when the antenna has a low de~

- pression angle. When 0g = 459, there are about 15 data

samples per pass; when by = 800,‘the number of data samples

increases to 85.

For 45° < by < 1350, a similar system can be used, ex-
cept that the receiving antenna beam becomes narrow in
azimuth and broad invelevation‘(Figure A-5). Synthetic
aperture processing can supply fine resolution in the direc-
tion normal to the isodops.

The fixed-beam system has the advantage of mechanical

simplicity, because the antenna does not scan. Its disad-

vantages are a more complex recelver and processing compared
with a scanning system.
If trading simplicity in the receiver for poorer

resolution is acceptable, an unfocused synthetic array can
With an unfocused array, the resolution is approxi-

/XRi
2

for the geometry of Figure A-3. At a slant range of 5000 ft
and a wavelength of 23 cm, the unfocused resolution will be
43 fr. Better resolution is necessary near the tower to keep

be used.
mately:

Bog small enough,

Another method of acquiring data is to scan the area
near the receiving tower with a large dish as the aircraft
flies past and illuminates the area (Figure A-6).
ceiving beam requires a $ m dish at a 23 cm wavelength.

A 3° re-
The
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1 12° transmitter beam is 650 ft wide at the 5300 ft slant .
range of Figure A-4. At a velocity of 250 fps (170 mph) the

beam passes over the receiving tower in 2.6 seconds, requir-

ing a rapid scan. With a 3° beamwidth, there are 60 data

points for a 180° scan. There is no synthetic aperture pro-

cessing with this system, and the receiver can be either
- coherent or noncoherent. With a coherent receiver, the S/N
ratio is greater because coherent pulse integration is more
| efficient than noncoherent.

The scanning receiving system has the advantage of sim-

plicity The disadvantage 1s mechanical; it is difficult to
) turn a large antenna rapidly enough to scan the illuminated f
area. Increasing the slant range to 5 miles increases the

illumination time to 13 seconds and lowers the required
scanning speed. With a dual-polarized feed, data can be

TR

collected with parallel and crossed polarizations simultan-

eously, raducing the number of passes required.

RSTFIRTE

E A.2.2 SPOTLIGHT SYSTEM

! After evaluating the various measurement techniques
considered (and reviewed in this appendix), the spotlight .

bistatic measurement technique was selected for the opera-
tional system. This technique is illustrated in Figure 8.

The results of the analyses discussed in this appendix
show that the use of a receiving antenna aperture to define

the scattering area Agd provides the most accurate measure
of Agd; this approach is utilized as part of the spotlight

;? ' bistatic technique. Also, the data reduction process for the
' spotlight technique was determined to be more easily pro-

PURNT M TN

E grammed and to have greater accuracy, when compared with the
: other techniques considered. In summary, the spotlight 1
technique satisfies the following major requirements: B
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1. Basic sampling theory requires as many
independent samples of g, as possible for
each set of bistatic angles, with four
being the minimum acceptable number. The
spotlight geometry, along with the scanning
receiving antenna, provides a maximum number
of data samples for. each data-collection
pass. Adequate sampling is a particular
problem at 23 cm, as discussed in Section 5.5,
and this problem is resolved by the use of the
spotlight technique.

2. The spotlight system provides data over the
complete azimuthal range of angles for any
realizable incidence and scattering angles.

3. With the information obtained from the auto-
matic tracking system (that is, the
illumination angle from the aircraft to Agd)
and the angular information from the re-
ceiving antenna scan, the bistatic azimuth
angle is easily determined.

Operational parameters are adjusted so that the receiv-
ing antenna scans through the specified range of OsCAN
during a period in which the illumination angle, O TRACK’
changes by 5° or less. The separation between the receiver
and the transmitter is made large to insure that the area
illuminated by the 12° transmitting antenna beam is larger
(by at least a factor of 3) than the sector scanned by the
receiving antenna. Based on these considerations, the re-
quired receiving antenna scan time (one-way scan) was deter-
mined to be 8 seconds.

The geometry and power available allowed the measurement
of a minimum 9% value of ~40 dB a2 23 em and -20 dB at 3 cm.

A-29
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A.2.3 SIDELOBE CONTRIBUTION TO RECEIVED POWER

For those situations where the specular point may be
present in the sidelobe region of the receiver antenna foot-
print, one must be concerned that its effect may overweigh
the mainbeam return. This section addresses this problem
and concludes that the presence of the specular point in a
receiver antenna sidelobe should not give undue weight to
that portion of the return.

Reference A-1 provides the observation (from Grant and
Yaplee measured data, 1957) that, at » = 3 cm, grass-covered
terrain may behave like an isotropic radiator with

9(6) = 0,(0) cos’s, (A-45)

where GO(O) is the normal incidence monostatic return which
may vary between -30 dB and -15 dB. Thus (Figure A-7),
there is about a 15 dB variation in oo(e) over a 30° angle

off normal.

Not all measured data agree with the above. Some obser-
vations show oo(e) dropping off more rapidly from the normal-
incidence value than the above equation indicates. Neverthe-
less, Eq. (A-45) affords a starting point for further

discussion.

One approach is to apply the above equation to the bi-
static case by stretching the Bistatic Theorem. This theorem
says than, if scattering surface curvature is large enough,
smooth enough, and perfectly conducting (the latter two con-
ditions are surely not fulfilled), the bistatic return is

A-1. R. Beckmann and A. Spizzichino, The scattering of
Electromagnetic Waves from Rough Surfaces, MacMillan
Co., New York, 1963, p. 410.

L.
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equival.nt to the monostatic return at the bisector of the
bistatic angle. Assuming the appli:zability of this theorem
to terrain scattering, one can conclude, with the help of
the ébove equation, that specular and non-specular returns
should not differ much, at least out to equivalent monosta-
tic angles of 30° off-noimal. Thus, if the specular point
should fall in a receiver sidelobe, it would not unduly
overweigh the contribution from that sidelobe. So one may
account for sidelobe energy simply on the basis of propor-
tional area subtended by a certain sidelobe angular width

(fixed by some pre-assigned level of interest).

‘This last approach is used to estimate the amount by
which sidelobe return falls below mainlobe return, using
-30 dB/ML* contours as the ‘evel of interest. In this event,
onty the first sidelobe is of importance since the second
sideiobe peak is -33.6 dB/ML. For a range of values of I
one finds the levels by which mainlobe return exceeds (in
dB) sidelobe return; see Table A-6.

A.3 TWO AIRCRAFT MEASUREMENT SYSTEM

Using two aircraft, one with an illuminating source
and a second with the receiving system, bistatic images can
be formed from recorded received signals in a manner similar
to SAR system techniques. This provides bistatic scattering
data for a very w:.de area, bistatic clutter statistics can
than be obtairned for a very wide range of terrain types and
scenes.

7'
ch relotive to the mainlobe.

A-32




3 {
o TABLE A-6. RATIOS OF MAINLOBE TO
- - SIDELOBE RETURN

B . (azg) (dE)
. 15 22.8
¥ . 30 22.7
. 45 22.5
- . 60 21.9
i 75 17.7

i
?
E ~ 8 ML/SL
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. APPENDIX B
INSTRUMENTAT ION

. ' A brief discussion of the instrumentation for the ' !
‘. P : bistatic measurements program is presented in Section 3.
‘ The purpose of this appendix is to provide additional de- !
tails regarding certain aspects of the experimental systen. '
In'partiéular, further information is giver. on bistatic

; antennas (Section B.l), bistatic receivers (B.2), and data

’ recorders (B.3).

B.1 BISTATIC ANTENNAS

B.1.1 PRIMARY FEED DESIGNS FOR RECEIVING ANTENNAS

. ‘The 3 cm wavelength feed consists of a 2.5 x 2.5 cm - ?
; square section of waveguide fitted with mode suppressors .
: and impedance devices. The radiating aperture is flared ?
slightly to provide the necessary illumination for the 46
cm diameter reflector. Vertical and horizontal polariza-
tions are obtained by eppropriately exciting the square
waveguide from its rear and side walls.

The 23 em wavelength feed consists of four dipoles ;
arrayed in a 0.6 x 0.6\ square configuration. One parallel
set of dipoles provides reception at horizontal polarization
and the other (orthogonal) pair provides vertical polariza-
tion. The four dipoles are mounted nominally A/4 in front
{ of a 30.5 cm diameter ground plane to achieve the desired
; illumination taper for the 3.1 m diameter parabolic reflec-
% . tor. o
: Note that each reflector has a focal length-to-diameter
i ratio F/D of 0.45.

B-1
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B.1.2 RECEIVING ANTENNA SYSTEM TEST RESULTS

The VSWR, antenna gain, polarization isolation, half-
power beamwidth, and first sidelobe level were measured
for both the 3 cm and the 23 cm wavelength antenna systems.
Typically, the VSWRs of both feeds are less than 1.5:1

rélative to 50 ohms and both antenna gains are 30 dB above
isotropiec.

Pattern data were collected for five orientations of
the antennas. With the observer stationed behind the trans-
mitting antennas and looking toward the receiving antennas ;
(while the two antenna systems are pointed toward each other), Tﬁ
both antennas were initially positioned (Orientation No. 1)
so that the transmitting horn and one set of receiver dipole
elements were vertically polarized. For Orientations Nos.

2 and 3, the transmitting and receiving antennas were simul-
taneously rotated (+) 30 and 60° clockwise (as viewed from
the transmitter) about thelr axes. For Orientations Nos. 4
and 5, the antennas were similarly rotated counter-clockwise
(-) 30 and 60°. The data are summarized in Tables B-1 and
B-2 for the 3 em and 23 cm wavelength antennas, respectively.

The complete receiving antenna system is mounted on a )
pedestal to permit azimuth scanning. Since an APS~23 radar
antenna pedestal was available at ERIM, it was used during
the experiment. Unfortunately, the torque capacity of the
pedestal was limited. One servo drive motor was destroyed
by wind loading; the wind velocity was approximately 15 kts.
All subsequent operation was therefore limited to conditions ¢
when winds were less than 10 kts.

B.1.3 CROSS-~POLARIZATION ISOLATION

During the bistatic measurement program, b.ch parallel
and cross-polarized o, values were measured. The cross-

B
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.  polarization isolation of both the transmitting and re-
| ceiving antennas places a lower limit on the cross-polarized
7, values that'cén be measured; this appendix discusses that
. limic. S o

lhe bistatic radar equation gives the relationship be-
tween the received and transmitted power. Thus,

| 2
P, G,G, LA o_ A
p =L T R o gd (B-1)

r L]
3,2 ,2
(4n) Ri Rs

In order to investigate cross-polarized Og it is necessary

, to account for additional components. For simplicity,
assume for the purposes of this analysis that the transmitting
antenna is radiating vertical polarization and it is desired
to measure d gy and OoVH" Assume also that there are two
receiving antennas, one with vertical and the other with
horizontal polarization.

S e e o e e

Ideally, the aircraft would transmit only vertical
polarization, but in practice there is also a horizontal
X component. Let Gy and G%R be the transmitting antenna
gains with vertical and horizontal polarization, respectively;
an asterisk is used to designate the sﬁurious gain component.

The power received by the vertical receiéing channel, Py,
will then be

(L (3)
. Pry = Gy Gpy %vv T Crv CFm Yomv
3) (4) (8-2)

+ 6y G1v ova * %Ry Sry “omn -

Term (1) on the right side of Eq. (B-2) is the desired power
‘ component. Term (2) represents power coupled into the

g
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vertical receiving channel through the cross-polarization
scattering coefficient O oHY this power was transmitted to
the ground with horizontal polarization and gain G%H‘ The
third term represents power coupled into the channel through
the cross-polarization scattering coefficient Ooyy and re-
ceived with antenna ggin‘Gﬁn. Finally, term (4) represents
power coupled through both spurious antenna gain components
(G¥H and GﬁH) and the parallel-polarization scattering co-

efficient O oHH"

By reciprocity,

9oVH = Youv (B-3)
Normally, 9GVH is 8 or more dB below Oovv OF OoHu" The
cross-polarization isolaticns for the transmitting and re-
ceiving antennas are all better than 20 dB*, that is, G%H
and GﬁH are each at least 20 dB below GTV and GRV’ respec=
tively. Then, terms (2) and (3) are each at least 28 dB
below (1), and term (4) 1g at least 40 dB below (1). With
smooth materials such as sand, Ouvn >> Tgyy 4t some angles
and an appreciable error in the measurement can result, be-
cause (2) and (3) will then be large compared with (1).

For the cross- or horizontally-polarized receiving
channel, the received power PrH can be written

%*
Cross-polarization isolations for the transmitting antennas
are > 25 dB (3 em wavelength) and > 20 dB (23 cm wavelength).
Similarly (see Tables B-1 and B-2), the respective isola-
tions for the receiving antennas are > 27 dB and > 31 dB.




TABLE B-1. 3 cm WAVELENGTH RECEIVING ANTENNA DATA

Ffequency's 9.45 GHz
Gain = 30.5 dB/isotropic
Cross-Polarization Isolation = 27 dB

Polarization Sidelobe 3 dB Beamwidth

. (dB) “(deg)

H ~-24 5.8

A -22 5.8

+30 -24 5.7

+60 -23 5.8

-30 ~24 5.7

-60 - =25 5.8

TABLE B-2. 23 cm WAVELENGTH RECEIVING ANTENNA DATA

Frequency = 1.315 GHz
Gain = 30.2 dB/isotropic
Cross-Polarization Isolation = 31 dB

Polarization Sidelobe 3 dB Beamwidth

T(dBy (deg)
H -24 5.8
\' -24 6.0
+30 . =25 5.9
+60 - =25 6.8
-30 -25 5.9
-60 -27 6.0
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(1) (2)

Pri = Cru Crv 9ovn * Cru Sy onn
-(B~4)

3) ) |

Cpy 9ovy * Gy ©

*
+ GRv TH “oBV

Terms (1) and (4) in Eg. (B-4) represent the desired
scattered power; term (l) is 40 dB or more above (4) because
Gfy and G*TH are each 20 dB or more below Goy and CTV' re-
spectively. For an accurate measurement of O oVH? it is
required that

Gx

>> G TH “oHH and

Gpy G

RH "1V %oVH RH
o (B-5)
>>

Cru S1v %vH Ry S1v Sovv o

RH

or, rewriting,

TV YoHH
g — (B-6)
TH 9oVH

and

RH Yoyv
- . (B-7)
CRv ~ Y%vm

Equations (B-6) and (B-7) state that the cross-polarization
isolations of the transmitting and receiving antennas must:
be much greater than the ratio of the parallel to the cross-
polarization o, components.

Errors in the geometrical alignwent between the trans-
mitting and receiving antennas can increase the spuriou:
responses., Table B-3 lists the ratios of cross-polarized to
parallel-polarized components at the receiver resulting from
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TABLE B-3. SPURIOUS CROSS-POLARIZED COMPONENT CAUSED !
-BY AN ERROR BETWEEN TRANSMITTING AND RECEIVING ANTENNA
: R AXES » | ~ :
" Cross-Polarized
4% Angular Error Component
] (deg) (dB)
3 1 -35
el 2 -29 ;
3 -26 ;
:.1 4 -23 ) ;
. 5 -21
6 -20 ;
' Cross~Polarized Component sine
?araliel-Polarized Component cos g '
: f £ = alignment error between antenna axes :
' -
! ‘ |
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various angular orientation errors between the transmitting
and receiving antennas. Note that an error of 6° reduces
the isolation to 20 dB.

Based on the above analysis, it is clear that, in any
igtatic data gathering program, the receiving and trans-
mitting antenna orientations must be kept parallel in order

to minimize spurious components in the received signals.
Also, 9 oVH values which are too far below OoHH ©F 9oyy Must
be discarded, because such readings will be contaminated by
feedthrough of 9oHH °F Covv

B.2 BISTATIC RECEIVERS

This section discusses the operation of the bistatic
receivers; see Figures B-1 through B-5. e |

B.2.1 REQUIRED FUNCTIONS

An automatic means of gathering data on a pulse-to-pulse
basis is needed to measure the bistatic o during the flight
tests. The method selected is to use the received video it-
self to trigger the sample-hold circuit, which then measures
the amplitude of the video signal via a delay line. 1In order . ’%
to implement such a technique, the following functions are :

required:

First, a device is needed to switch the bistatic re-
ceivers off until the direct-path transmitted pulse has
passed the receiving antenna platform. This is done by in-
stalling RF switches at the inputs of the 3 cm and 23 cm
wavelength parallel receivers (see Figure B-1l); these
switches insure that only the bistatic signal returns from
the ground are allowed to enter the inputs of the receivers.
To accomplish this, a synchronizing pulse originating aboard
the C-46 is received and detected at the ground site; it is :
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then conditioned with appropriate delays and used to trigger
the RF switches. The RF switch "on" time did not exceed 3
pusec during the flight tests; a minimum "on'" time of 1.6
usec was used on the last flight. The "off" time provided

attenuation greater than 60 dB at the input of each receiver.

Second, the received video pulse needs to be delayed
in order that the sample-hold gate can measure its peak
amplitude. A 250 nsec delay line with rise and fall times
of less than 20 nsec is used to perform the delayed video

pulse function (see Figures B-1, B-3, B-4, and B-3).

Third, a threshold gain adjustment is needed to control
the 3 cm and 23 cm wavelength receiv.rs in order to keep the
receivers from triggering on nolse or signals received via
the sidelobes ::f the antenna. This function is implemented
by controlling the gain of a video umplifier usnd to trigger
the sample-hold circuits. The threshnld setting is adjusted
using a known calibrate input RF signal controlled from the
van.

B.2.2 SEQUENCE OF EVENTS

The following sequence of events occcurs in order to ob-
tain the desired data on a pulse-to-pulse basis:

1. The RF switches in the two parallel-polarization

0

receivers ave triggeved "on” (minimum attenvation;
for a predetermined time interval of 1.5 to 3.0

usec.

2. If an RF signal is present during this "on" time,
it is amplified and detected at the video wmixer,
resulting in a coherent bipolar video pulse of
at least 50 nsec width in each receiver.

3. Each received pulse is further amplified by a
video amplifier (Figure B-2) whose ovutput is

B-14
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coupled both to a delayed video path and to a
' direct video path. The delayed path is the

. data acquisition channel and utilizes a 250
nsec delay line. 1In the direct channel, the
. video pulse is further amplified, making it

possible for this pulse to trigger a delay gate.
Since the video pulse can be either positive-

or negative-going, appropriate interface logic
is required in order to trigge:s on either

polarity. The leading edge of the video pulse
triggers the delay gate, which, in turn, trig-
gers a 100 nsec sample~hold gate.

‘X ? 4, The delay gate control is adjusted so that the

:ii o) 100 nsec sample-hold gate intercepts the: delayed

\ } video pulse at such a time as to cause a peak
voltage response at the output ¢f the sample-hold
circuit. Each sample-hold gate is also coupled
to the corresponding crossed-polarization recefver

; i sample-hold circuit to perform the same function.

i In this manner, the peak amplitude of each 50 nuec

video pulse is held for data processing.

; 5. The output of tke sample-hold delay circuit
also triggers a data-reset delay circuit.

o This delay is 22C usec; at the end of this time
;i i interval, a 1 usec data-reset pulse occurs.

e
A i R

The 1 usec pulse resets each sample-hold circuit
to zero volts. Thus, the output of each sample-
hold circuit displays a rectangular waveform of
220 psec with a reset time of about 30 usec.
This 30 usec reset time between PRF pulses was
selected because the FR-1300 tape recorder has

' rise and fell times of about 20 usec; thus, the
g ) tape recorder is allowed to recover before the

next PRF data pulse occurs.
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The sample-and-hold data pulse (receiver output) is
amplified and directed down a 200 ft coax where it is
coupled to the instrumentation boards. The instrumentation
boards condition the receiver outputs for the FR-1300 tape
recorder and the analog strip-chart recorder. An analog
readout of the data is implemented by injecting the digital
data (sample-hold output) into a true RMS-to-dc converter.
The converter output is further conditioned through a log-
rithmic amplifier before being coupled to the strip-chart
recorder for monitoring pufposes.

B.2.3 SAMPLE-HOLD OUTPUT RESPONSE

In order to properly adjust the bistatic recelvers, a
test was conducted to determine their output response. 1In
this test, a pulse generator was used to simulate the re-
celved RF pulse at the input to the video amplifier; a 40
nsec pulse widfth occurring at a 4 kHz PRF rate served as
the video input signal. The input amplitude was maintained
constant while incremental adjustments of the sample-hold
time delay circuit were made. Figure B-€& shows the measured
output response; this curve represents the shape of the
sampled test pulse.

The input pulse frow the pulse generator had a rise
and fall time of less than 5 nsec. Note, howevar, that the
rise and fall ctime is about 25 and 20 nsec, respectively,
for the output plotted in Figure B~7. This occurs because
the rise and fall times of the delay lines are a nominal 20
nsec. The dotted lines shown in the figure are drawn be-
cause the output response at delays of -50 and +40 nsec from
the peak value exhibits a voltage polarity reversal. This
polarity reversal is caused by the overshoot characteristics
of the video amplifier.

The normal operating setting of the sample-hold delay
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is to center the sample-hold gate at the peak of the pulse
response. This is done by using the system's 50 nsec RF
calibration pulse as the input while observing the output
with a digital RMS voltmeter.

B.2.4 LOCAL OSCILLATOR

A 46 cm diameter, parabolic, 3 cm wavelength antenna is
used to receive the two STALO frequencies transmitted from
the aircraft. This antenna is mounted on the tracker pedes-
tal and is boresighted with respect to the two azimuth
tracking horns. The 9350 and 8135 MHz STALO frequencies
transmitted from the aircraft make the bistatic dual-band
receivers cohevent with respect to the transmit pulses.

These two frequencies are amplified and mixed to produce
the L.0. frequencies for the 3 and 23 cm wavelength receivers.

Figure B-7 shows plots of the output L.0. powers ver-
sus the input RF powers; two Gunn oscillators were used to
simulate the received 3 cm STALO frequencies for this test.
The oscillators outputs were coupled to the input of the
first TWT via a directional coupler (see Figure B-1). 7The
9350 MHz frequency is amplified, up-converted to 9450 MHz,
and amplified again, resulting in the output power level
shown in Figure B-7. Similarly, the 23 cm L.O. signal is
the difference frequency (1215 MHz) which results from mixing
the 9350 and 8135 MHz signals. 1In the figure, both bands
show a wide range of operating input power levels correspond-
ing to approximately constant output L.O. power levels.

Based on Figure B-/, the operating range is defined to in-
clude all input power levels which exceed -70 dBm and which
are less than -45 dBm.

Instrumentation is provided in the system with which
to record the received STALO input power levels. These
levels are monitored by the analog strip chart recorder.

B-18
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It can be determined from the chart recording if the received
STALO powers exceed the minimum -70 dBm level needed to main-
tain the proper L.0. power levels.

Jigure B-& shows the conversion losses of the 3 and 23 -
cm mixers versus L.0. power used in the bistatic receivers.
¥ Note that neither loss varies any more than 0.5 dB over the
o operating range indicated by the dotted lines in the figure.

v - B.2.5 BISTATIC CIRCUIT BOARD DESCRIPTIONS

This section describes fifteen circuit boards employed
in the bistatic receiving system.

Board 1l: Sync Generator and PRF Instrumentation

P TR m

E Board 1 (Figure B-9) conditions the received PRF syn-
: chronizing (sync) pulse from the C-46 aircraft. A 200 nsec

pulse from the sync pulse threshold detector is conditioned
to:
1. generate a 1 usec sync pulse with the proper
delay to trigger the bistatic receivers on,

2. supply a sycstem PRF trigger for an oscillo-
scope for alignment and monitoring purposes,

. ’ 3. provide a trigger to measure and record the
. AR, and

4. stretch the PRF pulse for recording and
monitoring purposes.

: R-1 is used to delay the 1 usec sync pulse and can be

: adjusted properly by monitoring TP-1. TP-2 is a test point
where the 60 usec PRF pulses which are coupled to the FR-1300
tape recorder can be monitored. Logic and driver circuits,
I5 and 16, function to enable the PRF for recording and to
drive LED indicators located on the control panel. ;

B-20
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Board 2: Calibration PRF Generator

Board 2 (Figure B-10) contains an internal PRF genera-
tor to simulate the received PRF signals when the system is

not operating. Its [unctions include:

1. a basic ¢ kHz PRF trigger generator,
2. a sync pulse generator,

3. a 50 nsec pulse width generator to control
the RF pulses,

logic to simulate the dual-band PRF alternate

&

pulsing sequence, and

5. a AR range delay generator to calibrate the
AR instrumentation.

R-4 is used to adjust the calibration PRF to match the
PRF of the C-46 radar.

12 develops a 150-200 nsec puise used to trigger the
8155 MHz PIN modulator "off" in the RI receiving section.
Its function is to simulate the received sync pulse from
the aircraft. The sync pulse chreshold detector located in
the RF section is activated by this RF attenuation pulse.

R-3 controls the 50 nsec pulse used to trigger the two
RF switches in the 3 and 23 cm RF calibration paths. The
RF pulses simulate the received bistatic data pulses. A
range delay control clrcuit, I-2 and T-3, providez a means
to calibrate the AR channel. Controls R-1 and R-2 are used
to adjust the maximum and minimum range of the calibrated
AR channel. The maximum range of the AR is determined by
the last step of the staircase voltage driving I-3.

Logic integration circuits I5 and I6 control alternate
sequencing of the dual-band PRF function. The normal posi-
tion of the SW-1 control alternates the sequencing of the
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- dual-band PRF function. The normal positiom of SW-1 is the
. Toggle position. When SW-1 is in the 1:1 nosition, a 50

: nsec pulse triggers the 3 and 23 cm RF switches at the same
' time.

When the system control panel switch is in the Operate
E positior, the calibration PRF generator is inhibited. A

E bias voltage to attenuate the PIN modulators to their maxi-
mum (80 dB) via Ql and Q2 also occurs in the system's

operate position. This attenuation function essentially:
cuts off the RF signal developed from the two 3 cm Gunn
oscillators used to simulate the received RF signals from the
;i C-46 aircraft.

Board 3: AR Instrumentatioan Generator

Instrumentation for the AK recording is implemented on
Board 3 (Figure B-1l). AR is measured on each PRF pulse
ard calibrated with reference to the sync pulse. The leading

edge of the detected sync pulse via Board 1 starts the timing
sequence in order to measure AR. A AR integrator reset

pulse is =iabled at this time; this discharges the integrator
3 (I-6). When the reset pulse has passed, the integrator (1-6)

“ jéj begins to charge again. A linear ramp voltage with a constant
slope continues to charge until the leading edge of the AR
reset pulse occurs. At this time, the vamp charge stops and
5 | the voltage level is held until the next sync pulse occurs.

If a AR reset pulse does not occur (as would be the case if

no bistatic signal is detected), a late-AR reset pulse will

DN

stop the range ramp voltage charge. I-1 and I-4 implement
' the late-AR reset pulse which is OR-ed at I-3 along with the
normal AR pulse. The late-AR reset pulse limits the range
measurement and keeps the integrator, I-6, from saturating.
* R-2 and R~-3 are controls to condition the AR measurement

for the recorder.
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Boards 4 and 5: 3 and 23 cm Wavelength Video
Instrumentation ,

Boards 4 and 5 (Figure B-12) contain the 3 and 23 cm
video instrumentation, respectively. The parallel and
crossed sample-hold video from the bistatic receivers are
coupled to the inputs of their respective boards. The video
to the tape recorder is buffered through amplifiers. R~3
and R-7 are adjusted to keep the video from saturating the
tape recorder.

Each video input is coupled to another amplifier and
conditioned for recording the data on the H-P analog record-
er. The sample-hold bipolar video is coupled to a true
RMS~to-dc converter (A-1l or A~3). The dc output of the con-
verter is processed through a logarithmic amplifier (A-2 or
A-4) before being applied to the analog recorder. The out-
put of the log amplifier is adjusted to give a 10 dB change

for each volt of input sisnal. The log amplifiers are
capable of a 50 dB dynamic range.

Board 6: Data Logic and Angle Instrumentation

Board 6 (Figure B-~13) circuits automate an alert and
start-stop data capability. The scan angle and tracker
angle position voltage instrumentation are also contained
on this board.

The data alert and start-stop data logic are referenced
to the tracker angle voltage. By comparing the initisl con-
trol voltages located on the front panel with the tracker's
angle volts, an alert and start-stop data logic signal is
developed. The data alert and start-stcp data controls are
set prior to a pass and are read directly in degrees from
broadside. The data alert control is usually set 59 less : E
than the start-stop data control, rendering a 5-10 second - |
delay before a start-data condition. A data alert logic |
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voltage occurs at this time, illuminating an LED indicator
on the control panel. When the tracker angle coincides with
the preset start-stop data control, a logic signal occurs,
enabling the PRF pulses to be recorded on the tape recorder.
An LED indicator also illuminates at this time.

The start-stop logic circuit on Board 6 is designed to
enable and inhibit the PRF pulses to the recorder in equal
angle segments with reference to either side of broadside.
For example:

The start-stop data control is set initially for 50°.
When the tracker angle reaches 50°, the enable logic signal
will be on for +40° either side of broadside. When the
tracker angle reaches 130°, a stop logic signal occurs, in-
hibiting the PRF pulses to the recorder.

Angle alignment controls for both the tracker and
scanner antenna position read out are included on Board 6.
Tracker and scanner antenna angle position scaling controls
and associated amplifiers for recording purposes are also
contained on this board.

Board 7: Dual-Band Offset Frequency Generators

Offset frequency generators are implemented on Board 7
(Figure B-14). Two sawtooth generators are used to offset
the 100 MHz frequency of the 3 and 23 cm multipliers. The
offset frequency generators establish a known frequency for
processing the bipolar video. Both generators have a fre-
quency range adjustment of 10 Hz to 2 kHz.

The 3 and 23 c¢m offset generators are capable of
operating at different frequencies, if desired. When both
offset frequencies c¢rec to be equal, the 23 cm generator is

slaved to the 3 cm generator.
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A frequency sync pulse is also generated from the 3 cm
generator. Its purpose is to keep the serrodyne sawtooth
generator operating at the same frequency as the 3 cm off-
set frequency generator.

Pusitive or negative slope outputs are available from
each generator. This feature allows the multiplier fre-
quency to be shifted either above or below its normal 100
MHz output frequency.

Board 8: Calibration Step Generator

Board 8 (Figure B-15) provides a means to calibrate the
bistatic system. A staircase generator is constructed to
sequence 13 discrete voltage steps. Each step has a time
interval of about 2 seconds.

The sequence begins by manually activating the start
calibrate pushbutton switch on the control panel. A data
alert output occurs immediately, which lasts for about 1
second. The stepping sequence follows, resetting the
generator from the 13th step to the lst step. When the first
step starts, a PRF-enable output occurs, allowing the cali-
brate-PRF pulses to be recorded. The PRF-enable output lasts
until the 13th step begins. The 13th step (the maximum
voltage step) is held until the sequence 1s again enabled by
the start calibrate switch. LED indicators which indicate
the step sequence are implemented on Board 8. All voltage
steps are coupled to the step driver (Board 9) to perform
the various functions described below.

Board 9: Step Driver

The staircase output from Board 8 drives six amplifiers
contained on Board 9 (¥igure B-16). Two of the amplifiers
are presently spares while the «iher four amplifiers perform
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the following functions:

The Il and 12 outputs control the RF attenuation of the
3 and 23 cm linear attenuators as a function of the voltage
steps. I4 controls the step voltage applied to the AR cali-
bration delay circuit located on Board 2. I3 is used to put
the calibration voltage steps on the tracker and scanner-
angle recorder channels.

Boards 10 and 11: Antenna Demodulator-Servo Amplifier
Driver

Boards 10 and 11 (Figure B-17) are used to control the
position of the tracker and bistatic antennas, respectively.
The antennas can be controlled manually or automatically,
as determined by a selector switch mounted on the board.

A synchronous error signal determined from a Theta control
located on the control panel is coupled to a demodulator when
manual positioning of the antenna is required. The demodu-
lator dc output is coupled to an amplifier, which in turn is
used as the azimuth drive input to the antennas' power ampli-
fier. When automatic tracking or scanning is used, the de-
modulator circuit (IC-1, IC-2, and IC-3) is switched out; a
dc error signal is used instead. The error signal for the

tracker is coupled from the automatic angle tracking circuits.

The error signal for the bistatic antenna is coupled from the
output of the scan generator interface circuit (Board 12).

In addition to the azimuth drive output, antenna limit
control circuits are implemented on Boards 10 and 11. The
purpose of the limits is to control the antenna's angular
position. A rate limit is also included by sensing the tach
signal of the antenna. If the antenna rate exceeds the pre-
determined rate set by R-4 or R-5, the azimuth drive signal
is cut off. Controls R-1 and R-2 determine the maximum
angular position allowed either left or right of broadside.
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This is done by comparing the azimuth angle volts with the
righ-~left limit voltages. 1If the azimuth angle volts ex-
ceeds either limit, the azimuth drive signal is inhibited.

Board 12: Interface Scan Generator to Antenna Drive

Board 12 (Figure B-18) generates a scan error signal
when the bistatic antenna is in its scan mode of operation.
The scan voltage from the scan generator located on Board
13 determines the position of the bistatic antenna. This
scan voltage is compared with the actual antenna azimuth
volts, resulting in an error signal as the scan generator
voltage changes. The output (error signal) is coupled to
Board 11 to be used as a servo drive signal.

Boards 13 and 14: Scan Generator

Boards 13 and 14 (Figures B-19 and B-20) implement the
scan generator necessary to scan the bistatic antenna. Con-
trols are provided on the control panel with which to deter-
mine the scan rate and the left-right angle limits. The
scan voltage does not occur until a start-data logic command
is enabled from Board 6. When the scanner'’'s selector switch
is in the automatic position and no start-data logic command
is present, the bistatic antenna is slaved to the left posi-
tion limit. When the start logic command occurs, the scan
integration (IC-4) begins to function, generating a ramp
voltage to position the antenna to the right. When the right
antenna position limit voltage equals the scan output voltage,
a logic signal occurs which reverses the scan output slope.

The antenna will then begin to scan back to the left.
When the left limit is reached, the antenna will move from
left to right again. When the stop-data logic command
occurs, the park mode is again activated, reverting the
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antenna to the left 1limit, regardless of where in its scan
the antenna happens to be.

Board 15: Relay Board

All the system's relays are mounted on Board 15
(Figure B-21). The relays switch the necessary functions
to the correct position, depending upon the system mode-
selector switch.

B.2.6 CALIBRATION

The 3 and 23 cm bistatic receivers were calibrated by
automatic step-control attenuator systems. The block dia-~
gram in Figure B-22 describes each of the two (3 and 23 cm)
calibration systems which are installed in the van. The RF
signal input to the calibration system is CW and has been
offset by 500 Hz with respect to the L.0O. frequency. The
50 nsec pulse-width generator pulses the RF switch, simu-
lating the transmitted bistatic pulse aboard the C-46 air-
craft. An internal PRF generator operates at the same PRF
as the transmitter in the aircraft and triggers the pulse-
width generator. When pulsed off, the RF switch attenuates
the input signal by 60 dB. Full peak power is realized
when the RF switch is pulsed on. At the output of the cali-
bracion system, two 175-ft coaxial cables feed the
calibrated RF pulses to the inputs of the parallel and
crossed-polarization bistatic receivers via a power splitter

and directional couplers.

The peak power is measured by applying a dc voltage to
the CW terminal of the RF switch; this removes the attenua-
tion through the switch. The resulting CW signal is fed
via a directional coupler to the spectrum analyzer which
displays both frequency and power. The RF programmable
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attenuator is at its minimum attenuation level (lst step)
when this measurement is made. The level set attenuator is ‘
then adjusted for the desired power setting. All RF losses .
between the measuring points and the input to the bistatic ©
i { receivers are known. Thus, the maximum peak power of the
calibration signal for any attenuation level set can be de-

-
e L

e i * W = W Ao g —e—————y T 1 T 4 WD
I
i

| ' termined.

The voltage-controlled, programmable attenuator is used

: to automatically calibrate the bistatic receivers. The
: g staircase generator drives the attenuator with each step 1
i ? lagsting for about two seconds. Each voltage step corres- 4
_ : ponds to a given amount of RF attenuation. Thus, the
f; } absolute RF input power to the bistatic receivers is known
o ; for each calibration step.
v : The following procedure is used to calibrate the

bistatic receivers.

i E 1. The system control panel switches are placed
f: % in the calibrate position.
% . 2. The two X-band Gunn oscillators (not shown in
?; ; Fipure B-22) are adjusted to a -6C dBm output
power level in order to simulate a received
local-oscillator-input-power signal from the é

aircraft.

3. The calibrate/L.0. power monitor switch is ‘ é
turned to its Cal. position. The RF power
is measured on the spectrum analyzer by
switching the pulsed/CW switch to CW.

4. The pulsed/CW switch is switched to pulsed
position. The calibrated attenuator is ad-
justed for the desired threshold power
setting. Threshold gain controls located

- iﬂ,,. ‘l"",,,’i«mq"’ﬂ("'""'lm‘ 0 S e gy
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on the control panel for both 3 and 23 cm
‘ bistatic receivers are then adjusted by
N observing the bipolar sample-hold video on
an oscilloscope. The threshold gains are
) adjusted so that the video is just beginning
to be sampled and held at this given input
power setting. , '

5. A front panel control switch is pressed to
start the calibration function. The first 3
step in the staircase corresponds to the 3
peak power measured in step 3 above.

attenuators which increase the 3 cm attenuation to greater
than 30 dB on the last step. The 23 cm attenuator has a
: range greater than 60 dB. The last step in the staircase
‘ holds at this position, keeping the calibration signal path
attenuated, until the start calibrate switch is again

t
s A total of twelve equal voltage steps drive the RF
i
f

operated.

6. The system control panel switches are placed
in the operate position.

{ In the operate position, the internal PRF of the system
f is inhibited; this atteriuates the calibration RF signal path
by greater than 60 dB via the RF switches (one of which is
shown in Figure B-22). The combined attenuation of the RF
switches and programmable attenuators keep any signals from
entering the bistatic receivers via the calibration RF signal

°
T e o

e o =

path during operation.

- 7. The Gunn oscillators are attenuated to keep
them from interfering with the operational
mode, making the system ready to receive the
STALO frequencies transmitted from the aircraft.

e P O B e e
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B.3 DATA RECORDING

B.3.1 BISTATIC RAW DATA TAPE FORMAT

The tapes recorded in the aircraft are 7-track, 800 bpi
(NRZ1), and written with odd parity (see Figure B-23).
These tapes are structured so that one tape file (delineated
by a tape mark) corresponds to one aircraft data pass or one
complete calibration run (see Figure B-24). The files are
made up of fixed length records containing 6000, 12-bit words
each. These records are arranged so that each group of 6
consecutive words consists of one sample from each of the
six information channels at one particular time. The chan-
nels include (1) 3 cm, parallel-polarization video, (2) 23
cm, parallel-polarization video, (3) scan angle, (4) tracker
angle, (5) 3 cm cross-polarization video, and (6) 23 cm,
cross-polarization video. Thus, one record consists of 1000
six~word samples, one sample being caken at every radar
rulse (see Figure B-25). Sampling continues across record
boundaries; however, one radar pulse is missed (not sampled)
between records. The last record in any file is padded with
zeroes, if there are insufficient data to fill the full 6000
words. The 12-bit words are placed on the tape with the
less significant 6-bits. Each of these words is interpreted
as an unsigned integer in the range 4095 to 0. These values
can easily be converted to signed values by subtracting 2048
from each word, leaving values in the range 2047 to ~2048.
When in this form, a word of zero corresponds to no signal
on the video channels.

B.3.2 DESCRIPTION OF CALIBRATION RUN

A calibration run consists of a series of 12 steps in
the input power to the four video channels and in the levels
of the two angle channels; the steps are decreasing in power
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*llning,

[T File #1

T A A A A 2 2 A A A Tape Mark E
indicates end of file #1 -

et e Ry emmmam s b

A File #2 - i A

Tape Mark indicates end

T 7 7 77 1 7 7 17 7 7 W——— :tire 2

# of records
per file variabN/\

" 7 0V 1 7 7 F ¢ 7 T71

Tape Mark indicates end
of 2nd to last file

Last File

7 Two tape marks indicate
t 1! end of last file and end
of volunme,

A A 3
7 ¢ ¢ V2

Figure B-24., Tape Format

| WWWWWW» W

B-48




e e T o e o

R e e

L

Ty o,

i S0 4R

WORD #
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WO 0o Ny W

10
1l
12
13
14

5992
5993
5994
3995
5996
5997
5998
5999
6000

Kl‘.__ 12-bits ___4 _

X-paruallel

L-parallel

Scan Agglg

Tracker Angle

X-Cross

f=Cross

X-parallel

JL-pgrgllel

JScan Angle
Flzankﬂx_ﬁmale

2nd Sample

. é
)
| :
|

|X=parallel
{ioparallel

Scan Angle

th

0 Sample

10001

LIracker Angle

X~Cross

L-Cross

|
i

Figure B-25.

Format of Tape Records
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and angle level. There are approximately 9000 samples
(6 words each) or 9 records per step, making a calibration-
run file approximately 108 records long.

: i

1

| .

i :

T




i sl T

APPENDIX C
DATA COLLECTION

A major part of the data gathering and data preparation
tasks was concerned with quality control. Considerable
effort was spent in the development of operational equipment,
checklists, and procedures to be certain that all required
quantities were recorded. This appendix presents (Section
C.1) a summary of the procedures developed for incident
power level correction and (Section C.2) the checklists and
log form used.

C.1 INCIDENT POWER LEVEL CORRECTION

As illustrated in Figure C-1 the bistatic measurements
utilized a spotlight technique in order to obtain a maximum
number of data samples for each pass. In order to complete
the calculation of O transritter antenna pointing infor-
mation must be determined in order to provide correction
factors for the incident power level*. The purpose of this
section is to illustrate the data reduction technique used
to determine that correction.

The transmitting antenna spotlights the scattering
area throughout a 90° angle. This is illustrated in Figure
C~1 where the scattering area is first illuminated with the
transmitting antennas (both 3 em and 23 cm) squinted for-
ward 45° with respect to the aircraft's broadside direction.
The transmitter antenna spotlights the area through 90° or
until viewing at a 45° angle aft of broadside. Spotlighting
is accomplished using a manual servo control with a synchro

*With reference to the recommendations section, this tedious
step can be removed from future measurements by providing
receivers which measure incident power directly. 1In this
way, the accuracy will be improved by 3 dB.
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angular readout. Ground tracks and altitudes are selected
to provide the desired incident angle Gi. These tracks are
plotted with respect to a local VOR navigation station. The
offset distance X, is thus determined, within some error
bount resulting from flight path variations. ‘Ihe antenna
pointing angle STRANS is then plotted as a function of time
on an x-y chart recorder in the aircraft for the offset dis-
tance X, and for an expected range of aircraft ground
velocities. Aircraft velocity is determined for each pass
during line-up prior to the start of spotlighting and the
proper antenna pointing angle vs time curve is selected.
This relationship is linear to a good approximation.

Spotlighting is started when the angle between the air-
craft track and the aircraft-to-scattering area direction is
45°. This point is determined by the DME (distance measure-
ment equipment) on board the aircraft. As the antenna is
slewed, the angular pointing information from the antenna
synchro is used to drive the y-axis on the chart recorder.
The x-axis recorder drive is contrclled by the recorder
sweep speed, which is 10 seconds per inch. Since the slew
rates are slow, the desired angle-time relationship, as
plotted on the chart recorder, can be followed manually.
Thus, a record of antenna pointing angle relative to the
aircraft as a function of time is generated during each
pass for the particular velocity during each pass. During
each pass, the following reference points are '"called out"
on the air-to-ground communication channel and also recorded

on tape:

Cc-3
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®TRANS LOCATION
-45.0° (forward) start of pass
-22,5° 1/2 point

0 mid-pass
+22.5° (aft) 3/4 point
+45.0° end pass

Aerial vertical photography is also obtained during each
pass.

Values of ¢ together with the corresponding values
TRANS

of TRACK as well as the time marks on both the ¢TRANS and

TRACK records were used to calculate antenna pointing angles.

Any deviation between the actual ground track, as determined
from aerial photography, and the planned ground track pro-
duces a pointing error. Figure C-2 gives the calculated
values of transmitting antenna pointing error; the negative
angles are on the right while the positive angies are on the
left. Using these values with the measured transmitting an-
tenna radiation pattern, the proper correction for the
transmitting antenna gain is determined.

C.2 CHECKLISTS AND LOG

This section presents three checklists and a log form

used in the data collection program. These include (Figure
C-3) the pre-flight calibration checklist, (Figure C-4) the
ground check and operate checklist, (Figure C-5) the in-
flight calibration checklist, and (Figure C-6) the measure-
ment log form.
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PPE-FLIGHT BISTATIC CALIBRATION-1

T T £ T

e
L
7

Gunn attenuators Hi - 19.0 dB, Lo = 21.8 dB
Crown attenuators disconnected

2 - 100 MHz multipliers offset (500 Hz) on
Alfred 500 Hz owu

X-band calibration attenuator 0.0 dB

L-band calibration attenuator 10.0 dB

System in stand-by (Calibration light off, operate
light off)

Pulse - CW switch to pulse
Measure azimuth voltage supply TP6-B6 18.0 V dc

Measureotracker azimuth volts 9.0 V dc at 90°
(.050vV/Y) TP3 - Bé6

Measureoscanner azimuth volts 9.0 V dc at 90°
(.050vV/") TP8 - B6

Set sync pulse (TP-1l, Bl) for 4850 nsec + AT with
respect to scope trigger

Look at boxcar video L-band TP2-B5 and adjust delay
R-2. Adjust B-2 until video amplitude is peaked

X-band L.0. calibration switch to LO.

Check serrodyne amplitude (Alfred) for min. AM modu-
lation (adjust Helix volts on Alfred) while viewing
X-band L.0. on SA

OP - CAL switch to calibrate

Check delay time (4R) vs calibration steps. (Include
AT before running)

Use L-band cross video (raw), 1l:1 - Toggle in 1:1
(UP) (B-2).

Push calibration start - record video delay time for
each step.

Figure C-3. Pre-Flight Calibration Checklist
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PRE-FLIGHT BISTATIC CALIBRATION-2

AR _STEP TIME (nsec)

- AR-1 5695 T = 20 nsec (included) + July
14 AR-2 5780 1976 Add + 75 nsec (ramp sync
3 AR-3 Sggo delay)
2 AR-4 5 0 _
- AR-5 6080 OR = 5695 = 20 nsec
1 AR-6 6185
E AR-7 6295

AR-8 6420

AR-9 6545

AR-10 6670
_ AR-11 6810
l AR-12 6955
” AR-13 7040

Check PRF for 8.0 KC; TPl Bl (125 usec t 2 usec)
Set park angle on bistatic antenna

- . Set scan limit on bistatic antenna

Set scan rate on bistatic antenna

Check "hold" slope on AR Board 3, TP-4 (blue).

Adjust R-1 if needed. Adjust @ AR min. range (system
to standby) and measure voltage at TP4-B3.. Adjust
R2 B#3 for -1.3 V @ min. range.

5 Check TP4(blue) B#3 with min. and max. range = -1.3 V
s to + 1.4 V respectively.

, Adjust R-3, B3 to obtain a total voltage output of

E 2.7 V between min. and max. AR range.

Readjust R-2, B3 if necessary to obtain a ~1.3 V when
AR is at its min. range.

Figure C-3. Pre-Flight Calibration Checklist (continued)




L PRE-FLIGHT BISTATIC CALIBRATION-3

| Operation-Calibrate switch to Calibrate
L. Toggle - 1:1 Switch (B-2) to toggle (down)
: Gunn Attenuators Hi = 19 dB, Lo = 21.8 dB
: Alfred input attenuator 4 dB
Alfred sawtooth generator 500 Hz

! 2 - 100 MHz multiplier 500 Hz ON
- X-band level set (input to W/J) Set to 13 dB
Set S.A. input attenuator to 2W position
CW - Pulse Switch to CW
Check X-band LO on S.A,

:: ) __ X-band LO - Cal Switch to LO. Must measure +6 dBm
- on S.A. (This gives~ 4.0 watts to LO line).

Check L-band LO, on S.A.

L-band LO - Cal switch to LO. Must measure +0.5 dBm
(This gives +10.5 dBm to LO line).

Remove Crown attenuator cables

X-band LO-Cal switch to Cal.

L-band LO-Cal switch to Cal.

Set X & L-Band Calibrate attenuators to 0 dB
CW-pulse switch to CW

View L-band Cal. Sig. on S.A. Should be -39 dBm
View X-band Cal. Sig. on S.A. Should be -13 dBm
CW-pulse switch to pulse

X-band Cal. attenuator to max.

View X-band Parallel box car video TP2B4, on scope,
and set X-band threshold for sample hold to just
trigger on noise

L-band Cal. attenuator to 33.0 dB (-72 dBm to Rx).*

ik SECE R

F |
Subject to change.

Figure C-3. Pre-Flight Calibration Checklist (continued)




' PRE-FLIGHT BISTATIC CALIBRATION-4

View L-band parallel video TP2-BS5.

Set L-band threshold for sample-hold to just trigger
on signal

Set X and L-band Cal. attenuators to 10.0 dB

Check X and L-band box car video and measure .
sample-hold time =~ 220 usec 4

Connect cables to crown attenuators BNC 37 & 38
Set X and L-band calibrate attenuators to 0.0 dB
CW - pulse switch to pulse position

, FR-1300 ck tape recorder speed - 60 ips - ck plug-in s
; filters 60 ips : .
: Start 8-channel chart recorder -- mm/sec 1
Start FR-1300 60 ips

P.ash Cal. Start Switch

When Cal. is completed, stop 8-channel chart
recorder

Stop FR-1300

|

C-10

: Figure C-3. Pre-Flight Calibration Checklist (concluded) ?
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BISTATIC GRUOUND CHECK AND OPERATE-1

3, Cal. Switch - OFF

Operate switch to operate

Gunn attenuators Hi & Lo set to max.

Check Alfred input attenuator to 4.0 dB

2 - 100 MHz multipliers (no offset) term. 50
X-band level set (input W/J) 13 dB

Connect tracker (LO antenna) to LO receiver input
Position tracker antenna to approx. A/C position
Instruct A/C to turn on 10 watt TWT

Check LO and PRF lights on

Instruct A/C to turn on X & L-band transmitters
Position Bistatic antenna to approx. A/C position
Check for X & L-band bistatic video (raw)

If video is present and normal, notify A/C to prepare
for takeoff.

Set tracker tilt for pre-determined angle
Position tracker to acquisition angle

Position bistatic antenna to park angle (with
theta dial)

Set data start control for desired angle

Set data alert control for desired angle,n'5° less
than data start

Start data indicator should be out

4.  A/C will notify ground station when on-line and
give ground speed - compute time to T, and notify
A/C.

When tracker error signal = 0, place auto-manual
switch in auto track. Switch ON B-10 (UP).

Figure C-4. Ground Check and Uperate Checklist
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BISTATIC GROUND CHECK AND OPERATE-2

P.A.I. to tracker position

Switch Bistatic antenna to scan mode (switch ON
B-11 (UP))

Notify A/C at data start - 10°

Call last 5° (1° steps) for A/C

Start chart racorder

Start FR-1300

Start audio recorder

Notify A/C at data start

Monitor L-band raw video

Monitor 1 video channel of repro on FR-1300
Monitor chart recorder

Notify A/C at end of pass

Place manual tracker control near tracker angle
Place tracker auto-manual switch to manual
Place scanner - auto-manual switch to manual

Prepare for calibration

After last calibration (end of flight):

Record tracker and scanner argle -oltage (chart and
tape) for 10~ steps from scan ar.rt to scan stor.

Figure C-4. Ground Check and Operate Checklist (concluded)
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o IN-FLIGHT BISTATIC CALIBRATION

Operate switch OFF

. Calibrate switch to calibrate

Toggle - 1:1 switch (B-2) to tuggle (down)
Gunn Attenuators Hi = 19 dB, Lo = 21.8 dB

Check Alfred sawtooth generator. High voltage ON
(red light on)

2 - 100 MHz multiplier 500 Hz ON
CW - pulse switch to pulse position

Monitor 1 video channel

Start 8-channel chart recorder - mm/sec
Start FR-1300 60 ips
Push calibration start switch

- When calibration is completed, stop 8-channel
: chart recorder

Stop FR-1300

OFF sets removed from (2) 100 MHz multiplier -
Term. /51 ohm,

- Gunn attenuators: Hi end Lo to maximum
Calibration switch OFF

Place bistatic scanner auto-manual switch to
auto (UP)

Operate switch to operate

Ready for operation--Go to Section 4 (bistatic
ground check and operate sheet)

T e

Figure C-5. In-Flight Calibration Checklist
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BISTATIC MEASUREMENT:
DATE:

LOCATION:

PASS NO.:

PARAMETERS :

THRESHOLD LEVEL:
X -
L ~

DELAY SETTING:
T - DIRECT -~

ON
ANTENNA SCAN LIMITS:

< SCAN <

Figure C-6.

(MSL - AGL)

dBm
dBm

N SEC

Measurement Log Form
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ATRCRAFT HEADING: MAGNETIC (DEGREES)
DRIFT ANGLE: DEGREES

TRANS. ANTENNA SCAN ANGLE:

. <¢ <
TRANS
GROUND VELOCITY: KTS

TRANSMITTED POWER:
X -

-t i gl e Ll o)l il

. L -
TRACKER ANGLE:
<TRACK =

ELEVATION ANGLE: DEGREES

CALIBRATIONS:

e

CHART RECORDER
X MAGNETIC TAPE
- DATA EVALUATION (ON SITE):
X -
L -~
| TRACKER -
;=5 : L.0. POWER - !
‘ WEATHER CONDITIONS :

ety

;éz C Figure C-6. Measurement Log Form (concluded)
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APPENDIX D
DATA PROCESSINC

This appendix presents the details of the overall data
processing procedure used to obtain values of Y from the
empirical data recorded during the data gathering flights.
The information presented includes the digitization process
(Section D.1l), the calculation of video signal power (D.2),
and the data reduction programs (D.3).

D.1 DIGITIZATION PROCESS

This section describes the computer orogram which con-
trols the transfer of data from the analog tape record to
digital magnetic tape. The program is run on a PDP 11/10
minicomputer with special peripherals configured as shown
in Figure D-1. The Sample Command Cenerator is a custom-
built piece ¢of hardware which generates the six pulses
needed during each complete PRF cycle tc synchronize the
data-sampling circuitry.

See Figure D-2 and note that a complete PRF cycle, in-
cluding both a 3 cm and a 23 cm nulse, lasts 500 usec,
reflecting the fact that the analog tape is played back at
half speed. (During flight, this time is 250 usec.) Note
also that, regardless of whether the sample command pulses
are gynchronized with the 3 cm or 23 cm part of the PRF,
the four video channels are sampled at times when the video
data are valid. (Samples occur during the high portion of
a sample command pulse.)

The program consists of an interrupt handler and a
main loop. The interrupt routine, activated by a sample
command, first deposits the result from the last conversion
ints a buffer and increments a pointer which is used to
step through the buffer. Then, it selects the correct

D-1
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multiplexer channel and initiates a convert command. The
main loop monitors the buffer pointer. When a buffer is
full, it writes an entire record to tape and sets up a new
buffer pointer for the interrupt routine to use. Thus,
there are two, 6000-word buffers and, at any given time,
one is being fillel with data by the interrupt routine and
one is being emptied to the magnetic tape unit. Due to
strict timing constraints, one group of six samples is
missed when the buffer switch-over occurs.

D.2 CALCULATION OF VIDEO SIGNAL POWER

This section describes a program which calculates the
power in each digitized video signal over a set of intervals
determined by the angle information. The average vower in
any interval of N samples is calculated by

Sk

p =1 xi , (D-1)

N .

N
1:

1
where the Xi's are the video samples. The summation inter-
vals are defined by dividing the range of scan angle values
into a number of equal divisions. In Figure D-3, for exam-
ple, the scan angle range has been divided into five equal
parts. With the data shown, this has resulted in twenty
summation intervals. That is, twenty values of average power
will be computed for each video chaunel. Note the
(exaggerated) glitch between intervals thirteen and fourteen.
Here, the scan angle jumped into division 2, jumped back in-
to division 1, and then continued normally into division 2.
Note that, under normal circumstances, this would produce
two, small summation intervals between intervals thirteen

and fourteen. To avoid this, the program has a user-input
sample number threshold (That is, a threshold on N). If
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the number of samples in a summation interwval is less than
this threshold, the interval is ignored and no power calcu-
lation is made.

The inputs to this program are the tapes created during
the digitization process. Eight values are outputted for
each summation interval: (1) the number of samples in the
interval (N), (2) the division number, (3 and 4) two values
of the tracker angle, one corresponding to the first sample
in the interval and the other from the last sample in the
interval, and (5 through 8) a value of average power for
each of the four video channels. This output is printed on
the terminal and also goes to magnetic tape (namely, the
uncalibrated computer compatible tape referred to in Section

D.3).

D.3 DATA REDUCTION PROGRAMS

Four programs, written in IBM Fortran IV and run on
the Ann Arbor, Michigan MIS (Michigan Terminal System) com-
puting facilities, are used to compute 9o (radar cross

gsection per unit area). These programs start from the un-

calibrated CCT (computer compatible tape) with some user
input and end by producing terminal and CALCOMP plots dis-

playing o versus g (difference between scan and track
angles).
The simulation program, BSMAIN, may be used in a stand-

alone mode requiring only user response.

D.3.1 MAIN PROGRAM DESCRIPTIONS

The processing of data from the uncalibrated CCT to
the actual plotting of results has been divided into three
main procedures.

The first procedure applies calibration equations to
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the data from the CCT and outputs the intermediate results
. to the second procedure.

The second procedure accepts the above results along
with some positional dimensions and then calls the simula-
tion program BSMAIN to obtain KI, the power weighting factor.
Sigma naught (oo) is then computed and, along with ¢S, out-

: putted to the third procedure. *

1.,9 ~

m t et mm e e e e 3o e <1 S i = 1 =

;, g ' The third procedure accepts the above results along
éi 3 with some labeling information and produces terminal and
] CALCOMP plots of the results.

D.3.1.1 Procedure FIRST (User Input)

. This program (whose flow chart is shown in Figure D-4)
is used to calibrate the data found on the CCT. The follow-
ing questions require user response:

1. Scattering? Forward scattering assumes SCAN = 0°
to be north, whereas back scattering assumes SCAN = 0° to
= i be south.

2. Count Acceptance Threshold? A particular data
b ' point may be rejected if the number of samples from which
: it was obtained is less than some threshold.

£ 3. Minimum Scan Angle? A data point may be rejected
E if its scan angle is less than some minimum.

4, Power Corrections? Power corrections, which are
added to the incident power, are defined at three points
over the scan angle range (see Section C.3). These points
define equations which may be used to interpolate a power
correction at any scan angle.

ST = e g s m e

5. Scan and Track Equations? Point-slope form equa-
tions are entered to convert the CCT angle information into
¢ SCAN and TRACK in degrees.
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6. Fower Equations? Point-slope form equations are
entered to convert the CCT power information into 3 cm and
23 cm (parallel and cross) power in dB.

D.3.1.2 Procedure FIRST (Data Input-Output)

The components of each line read from the CCT are cali- E.
brated using the proper above-mentioned equations unless 3
certain conditions, also mentioned above, are not met, in
which case the entire line is rejected. All angles (in-
cluding ¢ which is calculated) and all powers (including
power corrections) are then outputted in tabular form (see
the example in Table D-1). The program listing for this pro-
cedure is shown in Figure D-5.

D.3.1.3 Procedure SECOND

This program (whose flow chart is shown in Figure D-6)
calculates Oq given the geometry of the flight and the
simulated KI. The following parameters are required as in-
puts: (1) receiver depression angie and height, (2) trans-
mitter height and range, and (3) whether to use 3 or 23 cm
radar ,parameters. The results of procedure FIRST are then
inputted, one data case at a time, to obtain the proper
SCAN and TRACK angles. If the power is in the noise, it is
rejected at this point.

After all other necessary parameters have been assigned,
BSMAIN, the simulation program which (when given the proper

ML vy oy

Al

geometry) will return the power weighting factor KI, is i
called. Sigma naught is then computed with the following %
equation: E
g =P_ - P, - KI - Correction (All values in dB). é
(o] r 1 E
The separate parts of this equation may be outputted, as i E

shown in Table D-2. A source listing is presented in

D-9
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TABLE D-2.
ri POW

57.0 79,4
G7.0 “52.1
57.n «36,0
S7.0 36,1
57.1 19,5
57.1 -5, 4
57.0 “15,8
S7.0 -A,%
$7.0 32,8
67,4 =158
S7.0 19,0
57.0 Tt
57.0 52,1
57." . -s'js.a
S57.0 =353,4
57.0 «35% A
37.0 25,1
57.0 .52, 4
57,0 22,2
57,9 22.2
57,0 49,
57-,0 |5.5
57.0 =52, 1
57,0 “393,8
G7,0 =353,A
57,0 353,48
S7.0 =3%%,A
57,0 ~353,8
51,0 «35%,8
'57.0 -3';3.6
5700 '}55.6
57.0 30,4
57,0 0,5
57,0 2,9
57.0 2,9
57.0 «l, 5
57,0 =79, 4
57.0 -70.5
57,0 =353 R
57,0 «353,_8
57.0 3534
S7.0 =353 .4
570“ "}53.5
S7.0 «35% .8
57,0 353,84
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‘)7.0 -")?.‘
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57.1 ~8,5
97.n 79,6
57,0 ~353,4
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7.0 «3f3,n

BEST AVAILABLE COPY

PROCEDURE SECOND ouTpUT

X1

Con

“l0,9
11,1
-1tl2
11,5
“11,3
-11,3
“11,5
11,0
11,8
11,9
“12.0
“12,1
12,1
“1d.2
1.1
1012
“le, s
-1g.u
“1d,5
~{d.0
“1d,7
“12,9
~13.0
L
“13.v
“13%,0
~13,
=13,
~13,
135,
=13,
-3

-}

NN = - -

WN
s s s 2
¢ Ny

v

-t

o

ot
“135,3
“13,3
“15,3
13,3
“13,3
-l'j.(l
“13.5
=155
~13%,.5
=13.5
“13,5
-13,%
3.0
13,0
“13,0
-13,7
-135.,7
-13.,7
3,7
“-13%,7
“1% R

S$TGvA

42,8
“l4,.8
4,0
1.0
51,9
el,s
ee,B
31,3
/%.9
26,4

62,0

50,9
-Q."
«3512,%
=313,
=314,06
63,4
%, b
61,0
59,9
4h,3
54,9
«14,3
«3lu,s
-315,8
=514,9
~313%.8
=312,5
-311,.4
“510,4
-309,5
7u,8
is.0
UL
44,4
Jl.8
=4a,5
=41,3
LEIU
-3l4,.8
-513,7
~513,4
514,
“319,1
-315.3

“313,1

«31d,2

=31h,0
«313%,0




Figure D-7.

D.3.1.4 Procedure THIRD

This program (whose flow chart is shown in Figure D-8)
computes averages over a ¢ increment and plots the results.
Axis labels and an angular averaging increment are required
inputs from the user along with some scaling information.
Three pairs of terminal plots are then produced from the re-
sults of the second procedure for each pass. Each palr of
plots (an example of which is shown in Figure D-%) consists
of (1) an unaveraged graph and (2) the average of that
graph. The first pair of plots uses all the datz from the
varticnlar pass, the second uses the first half of the data,
and the thivrd uses the last half.

These results are also outputted in tabular form so
that canned MTS programs may CALCOMP-plot selected graphs.
A source listing for this program is presented in Figure
D-10.

D.3.2 SIMULATION DESCRIPTION

The simulation program BSMAIN, which is called by the
second procedure, may also be run as a stand-alone main
program. Given the proper geometry and radai pavameters,
BSMAIN computes a power weighting (KI) over a calculated

area.

The program's first action, after all necessary para-
meters have been entered via Namelist input, is to draw
the scene on a graphics display terminal. Anything drawn
on the screen may also be reproduced as a CALCOMP plot, as
shown in Figure 33, for c¢xample.

Given the receiver height, depression angle, scan
angle, and beawwidth, an elliptical receiver footprint may
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INPUT AXIS LABELS FOR
CALCOMP PLOIS &
AVERAGING ANGLE

INPUT & STORE INTERNAL-
Y ALL ¢4 VS. O, POINTS

(RESULTS OF PROCEDURE
SECOND)

INPUT TERMINAL
PLOT OPTIONS

l

COMPUTE MEAN ¢, USING ALL
DATA & AVERAGING ANGLE &
PLOT RESULTS ON TERMINAL

1

COMPUTE MEAN g USING
FIRST HALF OF DATA &
PLOTTING RESULTS ON TER-

MINAL, THEN USING SECOND
HALF OF DATA

OUTPUT ALL RESULTS
FOR CALCOMP PLOTTING

Figure D-8.

Flow Chart for Procedure THIRD
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A BEST AVALABIE COPY

LUGICAL &Y LaR(B0) :
REAM. 51G1€1000),8362C1000),PHISCL1000) :
INTEGER 1YAQC100N) !
LOGICALAY EMY(1) /180y . ' A
: REA|, MT(2,)0n3),MT12(2,1001)
- CaLl. FCVYTHR(L)Y
E CALL BUPTYF ()
: CALL EMPTYYF (L)
: CALL EMPYYF(D)
WITE(N,14)
witTTECL, 11
wRTtL(2,1M)
FORMATIVCFL0,0,F10,0)0)
CALL RU'INSERY PARALIEL XeAXIS LABEL3')
CAalL MEAD(LARILENQO4I NyS)
CALL WRITE(LAR,LEN,N, | N,0)
CAIL NCIUINSFRT MARALIFL YeAXIS LAREL}Y)
CALL READCLAY,LEN) D)t NpS)
CALL WHITE(LAR,LEN,0,LN,0)
CALL NCYTVSFRY CROSS X«AXTS LABEL$Y)
CALL READCLAK,LEN, 0,41 N»S)
CALL WRITE(LAR,LEN,0,LN,1)
CALL M{YINSFRY CRNOSS YwAXTY LABELS")
CALL READCLAR,LEMN,0,1 Ny5)
CALL WRITE(LAR,LEN,0,LN, )
WARYTECL, M) : [
i FORMAT(Y EMTER AVERAGING ANGLE')
! READ(S,9) ManG
1 FORMAT(Fia,u0)
! 00y Jey,y0n0 ’
{ RLCAD(B,2,ENNZH) PHIS(J),SIGE(J),5162¢d)
!
t

e sl

-

o [ ] OO0 OIOAN O

e FORMATIZF10,1)
: 1T2..(J)=d
o ! { NCES)
. 6 CUMTLNUE
WIT1E (L, 10)
10 FORMIT(! yaaX]S OPYINNSZ?Y)
RCADCES, L1) L1, XN, XX
WRYITE(G, 1)
12 FORMAT(! veaX]S APTIONR?TY)
. QE‘O’.S.“) 1.3, YN, ¥X
| ti FRMAY(15,2r10,0)
HAMGZHANGY/2,
CALL .QCYAL TGN TOP UF FORMpY)
READ(S,2) ?
n 13 JUIst,3
15=21€+}
| TFCJJJLNF,3) 18=2])
i Tesallze
TFCJJJ NF ,2) 1E=NGC
NCalE~[541
EAbL SURTIC('S=2FL ,Aspd END ¥, PHISCIS),PHISCIE),U,3TAGCLIS),4)
K13l
ANGsO,
j a S1=0,
¢ 6230, -
} NSO
i 3 TFEPHIS(K+]1), 6T, ANG+HANGY D TO 6
3
]

g

!

ysNe |

15 P I i ey T

ey

Figure D-10. Source Listing for Procedure THIRD p
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BEST AVAILABLE COPY

LT L)
S{eS1410, 40 (SIGLICITAGEN)I/104)
’ 82832410, 00 (816G2CITAG(X))Z10,)
IFIKLT,1¢) GO YO 3
S tE(NL,EO.N) GN YN 7 .
HIEL0 0 ALNRLO(SIZFLNAT(N))
- 82210, 0ALNGLO(IDP/FLOATINS)
uEMy
lO'JJJ"l ’ .
RRITECTO,2) ANG, 81 :
MT2(1sM)sANG )
MTR2(2,M)251
7 ANGBANGOMANGAD,
IF(KATL1E) GO T &
len
B 1Y% Je1S,1€
121¢1
MT(1,0)2PuISCY)
1S MY 1)R1G1CITAG(SY)
: CALL, FLOTTC(MT,NC,LL, XN, XX,L2s YN, YY)
WATYE(L, 1)
16 FORMAT(Y ()
CALL PLOTYIMT M LY, XN, XX, L2320 YN, ¥YX)
WRTTECGL, 10
Ty WRTTEC(G, 1Y
17 FORMATCY01)
. TFEJJJANE  3) CALL SORTIC!'IxFI A0, 4 END ', ITAG(IS)»ITAGCIE) ,A,PHIS(IS),Y)
E | ; 13 CUNTINDE
7 io. lafald
! END

s At et S e A = " et o ettt =

n
e L s e e R Tt . i T, T

, SURRNUTINE neR)

o . : LUGICALAL R(Y)
E ; INTEGFRAZ LEN

CALL FINPNST(R,100,%17,1,1,1FND)
TF(IFND,EQ,0) [FNDZL -
LENTIFNDay . ]
CALL. SERCOM(R,LEM,0)
RETURN
ENN

L T

anem

SURROUYINE PLOTTIMT ZNP,LLaXNIXX,L2,YN,YX)

LOGICALAYL N/ e /,P/V4Yy

LOGRICALAY MAY([04,21),8/7'a% 7,87 vy

REAL YM(9),X(A),¥T(Z,NP)’

ApulozagnGgein,)

YHAXZ =] ET0

YMAXZe] FT0

XMINzL ETO

vHIN#] ET0 , :

Ny Ksi,vP ) g

TFCAT (L R (Y XMAX) XMAX2MY(!l,K)

TFEMT(LaR) LY XMINY XMINSHT(],X)
- TFEMTC2,K) GT,YMAX) YMAXSHT(2,K) : H

’ TRCAT(20K) LT YMIN) YMINEMTY(2,K)
1 44173 8 L2101 Y
TFOXNLEL XY o TD 20

o et

e e e

o8 T e et e e

: Figure D-10. Source Listing for Procedure THIRD (continued)

D~21

e e i ¢ ———— T S

H
I -




o BIST AVAILABLE COPY

XMINBXN

? _ i XMAXEXX

7 20 TFLYM,EQ,YX) GO YO 21
YMIMEYN )
YMAXBYY -

21 CONTINUE
TFCLY,ER, S AND XMIN,LT, 0) 80 TO 02
IFCL2.ED,1,AND.YMINLLT,0) GO TO 402
TF(LY,NEL1) 6D TR 2
YMTHZALOGIO(XHMEN)
YMAXZALOGIACXMAX)

2 IF(L2,NEL 1Y) 6N O 3
YMINZALOGIO(YMIN)

| YMARZALOGIO(YMAX)

: 3 ND 4 Ksl,6d

: Ny o mMsl,21

! q MAT(%yM)2p

N0 6 K2t,0d
R & M=1,21,>
6 VAT (K,M)uD
NS K21,64,9
noy S Met,21,%
3 ‘ 5 MAT(K,M)zp
;r E AMMESXMAX=XM]IN
R . YMMSYMAXwYM]N

- : YFNJE20, /YMM ,
L ! YFUJB63, 7XMH
= _ NG 7 R=L,NP
VTPl K )SANTNI(MT (L ,K),XMAX)
| BTOL KISANAXI(MT(§,K), XMTIN)
! MY 2, K)SAMINY (MT (20K ), YMAX)
: MT(2,KISAMAXE(MTC24K), YMIN)
TFCLALUE G 1IMTCL, KIZCMT (), K ) =XMIN) #XFUJ

. : TFCLL,FU19MT (L, K2 CAI NGLOCMTCL,K) ) =XMIN) AXFUY
o TFEL2LNE (1 )UT(2,K) (4T (2,K)=YHIN) A YUY
= 1FCL20EG,1IMT(2,KI= (AL OGIOHT(2,K) ) =YMIN) AYFUY
COMTIMUE
. ‘ N0 8 kel ,NP
S 8 MATCLEIXOMICL,K)#,5)41, IFIX(MT(2,K)4,5)¢+1)28
- ; WRYTE(G,53)
¥ ' 53 FORMAT( Vet

: i YRUJVsYAM D0,

. ; YFHJVEX1M 63,
% ' nr 4 x=z1,%
2 : 59 YH(K)ISYMAXSFLOAT(K=1)AS,aYFUJV

: f IF(1.2,1E,1) 60 YO S0
: e PO S5 K=1,%

! 55 YHRISEXPCYMOK)SALNTOY

- : 50 NL=20

! ny 9 Ksi,5
: NL =KL+
ARTTECL ) 50)YM(K), (MAT(M,)22=NL) M2, 60)
TF(NLLFQ,21) 60 TO (¢

Ly
-3

& : nO 9 L=i,n

3 ‘ NL zhi ¢ ’

1 | 9 BRITE(L,S1)(MAT(M, 224N ) HE1,60)
3 !

3 i

; 10 no 11 Ks¢,A

; 11 X(KIEXNINAFLOAT (KoL) a9 aXFUJY .
: ' TFCLELEL1Y 6D 1N 1Y

P 12 K=|,8

L
F Figure D-10. Source Listing for Procedure THIRD (continued) :
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12
13
50
51
10

102
Lo

Figure D-10.

XCIBEXP (X (K)AALMIY)
MRITE(G,10) ¥
FORAATIIX,Fh,1-04A0)
FURMAT(TIX,h0h1)
FPUNMAT (X, A(F9,0))
REYTURN

WHITECL,00)

BEST AVAILABLE COPY

FOAMAT(Y NEGATIVE ARG FUR LUGY)

CALL ERnng
END

Source Listing for Procedure THIRD (concluded)
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be calculated and drawn where it intersects the flat earth.
Range ellipses may also be drawn if the transmitter position
is known. One range ellipse is designed to pass through the
point defined by the center of the receiver beam intersect-
ing the earth, unless specifically offset. The second

range ellipse is found by increasing the size of the first
ellipse by some fixed amount. A transmitter footprint may
also be drawn upon request.

The area of interest is then found by dividing the re-
ceiver footprint into many small square areas dA and then
asking the following two questions: (1) is this dA outside
the inner range ellipse and (2) is this dA inside the outer
range ellipse? If both conditions are not met, the area is
rejected.~ If not rejected, the dA is multiplied by the
transmitter and receiver pbwer patterns as well as an ex-
perimentally-derived weight function and divided by the
distances squared from the integration point to both the
transmitter and receiver. The entire receiver footprint is
integrated in this manner, producing KI.

These runs may be mass-produced and the results out-
putted in tabular form (an example is shown in Table D-3).
A source listing of the main program and its subroutines is
presented in Figure D-11.
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o . APPENDIX E
3 ~ COMPLETE RECORD OF RESULTS {

& The data shown in Section 5 are averages of the total
. number of data samples obtained for each bistatic angle set.
Thie appendix includes results from all final computer runs
made to obtain % values. The data here are given for each
pass that was processed for each data gathering period.
ff ‘ All data are for horizontal polarization, both transmitted
;f and received. The data sets for each pass consist of two
|
|

SRS O

e

- e ——— e s o

graphs; the top graph gives the computed value for each
data point calculated while the lower curve gives averaged
values.
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' ; Figure E-1. o, vs ¢, for Pass 3, Flight 7/17/76
}:i ; at 23 cm Wavelength, Horizontal Polarization
¥ (g = 80°, 0, ~ 80°, y, = 100 fr, x, = 21220 fr,
= ¥y, = 4000 ft; data taken from entire pass)
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at 23 cm Wavelength, Horizontal Polarization
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Figure E-3. o, vs ¢, for Pass 4, Flight 7/17/76 i
at 23 cm Wavelength, Horizontal Polarization l
(6, = 80°, 0, = 75%, y, = 100 fr, x, = 20080 ft, '

Yy = 6000 ft; data taken from entire pass)




4 l !
]
i ;
E| !
i
E “10,04-mmemmm e e e e s ettt +
H X E
B XN KKK KKK RREKEXRKKRRRE X
! Kk kX & X X KkkR KKK & KR AKX
E' X x % R LB 207 S T R Xk % X
! . 7 ~20,04~————=~~ B R s e e T g T Qs sy AU e
- | x . XK X X% x XX x
+ . ] KK KKKE K K kK Xk X X L I 2
E x KKK K K Kok K kK Kk kKX X KK KKK
| . x X KK X X ¥ KKK X KK kX K X
E =30, 04~=mmmmm o e S L2 0 B3 BEES B T EETS L ST 3 ST + 2
G| =
» ~40. 04~ mmrm e o S pomm e i o . + :
I .
g | !
| :
E |
| -50,0+ ———te R R - R R RPN o + P
I 75, 90, 105, 120, 135, 150, 145, 180, ' i’*
E-| N
E : (a) All Points
_‘>- X -
N y
f | ]
E ' Y I 1 S—— T S prmmm e b T T S —— T S + ’
R
E . :
! * X X K x x X % %
k| “20.0t=mmmmamm N e L B Y T R Lt R ‘ .
- x A
e ! t E I
~30,04—=—wmmmm R s o ————— fom————— Y e + - ¥
40,04~ ~==—nn tome e e Fom e e it R e + 5
~50 04 mmmmmmmm e e R s Fom e R = +
75, 90, 105, 120, 135, 150, 1485, 180,
3 .
] (L) Averages l
f | ;
- P
! B
.
b Figure E-4. Oy V3 9, for Pass 7, Flight 7/17/76 !
& at 23 cm Wavelength, Horizontal Polarization ’ i
[4 - o - o = - i . i
A (8, ~ 80°%, o, = 75%, y; = 100 fr, x, = 18740 ft,
Yo ™ 6000 ft; data taken frum entire pass) ’
B E-5 |




== e o TR e e — e
3 v e s e L .
>|
- A . I ;
: i
v éf “QeOfmn et s e e o U YU PO c——t %
g
'y “10 4 O+ KE e hm Bom e = e e e o e e e e e e o o e i
| LI L BT S 1 x )
' SRR RRERNX KX XN ]
. l AEE REEPE KKK KRR RRRK KK * '
E ! LTI AEE KKKE ok K KK RNKE XX *
g | ! =20 OXEKE—=MRNEF = K WK R~ R KK~ KK m o om e m e~ o s« manond,
! i AREXN AKKXEK KK kKK X Kk X
| ' KoKk KK Kk X X % x
= i * X x x x X * X X ¢
! : x | S e ok Aok kK kKK kX H
| : ~30, 04—~ e L3 B e ettt T SIERN TN 't ¥ SELIN— Fmemm s +
E | &
- 4 : X x
- !
4
| ~40. 04~ -~ o s e o e o e e +
,, 00 150 304 45- 600 75. 900 1050
= |
. (a) All Points
.
u M ! ; ,
E | {
E 1
: YT % T— dorommnn PO T E TR U + * :
L
H I
1 ]
; ; =104 0= o oo e por e fo e + E
E . { i
: ¢ X % X % x * :
f ! ¢ * ,
; ) ~20 04— o et EEEN R B B e Eat St TS TESPEERR T 3
} * * ;
! * E
! *
i ~30,04~=~mvmm omm— e B e o fmre e e I e T | 1
H s
! *
| [
1 . L
! B Y T e i ST S B hh S LTI R SRR i
{ 0. 15, 30. 45, 60, 75, 0. 10%5. K
kt
i :
i (b) Averages 1
. 1
IR . “ ¥
!
3
¥
Figure E-5. o, vs ¢g for Pass 5, Flight 7/17/76 -
at 23 cm Wavelength, Horizontal Pol. tization
() - 700 -
(6, = 80°%, o, = 70°, y, - 100 ftr, x, = 18480 ft, .

¥y - 8000 ft; data tsken from entire pass)




= ~10404—~~mmm R e o - o i -+
E . * XXX KRKKRRN
y . % X KK Kk K KKK K KX K
N : ¥ x XXX KKK KKK KKK KN K ¥
X i ! L % kK KKk Rk ok Kk KK KK X
- - 20004 m e o e e o e W o R e o KR e MR~ KKK R =
2 X % X X ok X kK Kk K k% X %X
. . X XK kK MKk K A% X AKX K KKK KK kX
; ’ XK KK KKK X kX Bk kK Kk kExk X
E . ¥ Rk KK ok Kk K Kk %
3 B 1+ N 1B B e T SR PRI NS SRR S 231 T8 T ¥ o § SR S CteR J 3
b * *XX ¥ XX X x x
g b S x X b 3] X .
P % XX *k

0 4 Qb = mm e e e i

_50. Qoo msomiomn 4-..._.........-'....-...’..._...-._.—......+_....—._...n._..........-,-...- B .

4
75, 90. 105, 120, 135, 150, 145, 180.

N ..~..+_.._..... ___..._+

(a) All Points

#
& | ]
+
; ..10 . °+_.-_.........-...._+...._.............’...-... —...~..~-+..-...u.....-....-.....- +..._—.... ....-.............-._-..a._—.’._.....——_.._.'.
o d | X %
L . L S
p ~20,04=———~=-= Fommm s pom e L o Worm o e +
; X x
; % X ,
. ' * :
- T B e e B S Tt et SLEE TR |
. L3 i ;
n A X
M |
o E . () ¢ O e e e o et e e e o o e e o s o o s 2 e e et e e
;w
! : B0 Qe e o e e s o B Y S L X
: 75, 90, 105, 120, 135. 150. 165, 180, :
- ) (b) Averages i
? |
1
EE 5
: Figure E-6. o, vs ¢  for Pass 6, Flight 7/17/76 |
: at 23 cm Wavelength, Horizontal Polarization l
. R - o =] o - =
g - . 4 (Ss 80", ei 707, ¥1 100 fc, %, 18480 fc, !

yg * 8000 ft; data taken from entire pass)

E-7




T L L et T S e LT E
: 3 3
x ] x % I2TAR 1
b3 134 T ARk
x xK KEXE AREKERMK o ¥F
B B S et it L SO TISNES 11 B SN T UT TIPS TR T T
BE K RE K KK KRR KKREKREREKER K KkH .
L 2 S L . RERRRRRRRORKRR * Kk X X :
Xk ok KK KRR K Xk ok kKL KEX X kKK X
X % X RORKIRKKKE & ok AoRN RORKKK N
B 1 R B Rt Rt ST S TRt ST T T T T B T TS LI T S B T LR
k Kk K 0k kXX XX X
| SN 3 3 4 ¥
Aok KK
...40 . 0.;--..-v...>-~‘ ......-*.- _u».-...-._-*... T ..-._..»-..’.-...-..»-m..».., ».—-’..—-.—.-4 .--...».»—-»-»*-----..-- ———+--~»-»~—-— -----f-

el Bl = o8 ) g

L T B T et ST SR'1 T TEPR RS SRR AR St 5 T 1)
75, 90, 105, 120. 135, 150. 163, 160,

(a) All Points

1

—10 N O+—.--—.—-———»—+—.~-—-..—-..._.+.._.....-._.._.+,.,. e e e .,..m.‘....--.+..ﬂ......._._.,..._...+........—-..._..--+ [ ]

X %
—-20.0+-,.~_..-_..+........_....,......_..'_.,._.__._....,..._..+...__...._.....4.....+_.__.._ e = ...+__... - ma t...,*......,--_“ .A..*
X X ;
X .
X oOX K %X KX

X
ETT TN+ SR U UUUGUIY UGS HUISIIDRRTIS RUUNVRPUSIIUINIE SSUPR SR S

..40.0+-..-_—-—-_—,—+--......_...-.__..‘-....—-.-......._........-.«._.,A..........‘}_.__...,.. Bk ML TR PO O TEPIE |

BT T T B s T et T T e it REIETIEENETINETT Se ST ERITa & B
75, %0, 105, 120, 135, 1350, 145, 130, ¥

(b) Averages

Figure E-7. 94 V8 ¢ for Pass 10, Flight 7/17/76
at 23 cm Wavelength, Horizontal Pclarization
(9, = 70°, o, = 80°, y, = 100 fr, x, = 18740 ft, ¢

¥y = 4000 ft, data taken from entire pass)

k-8




i il

)y O o menmme T . o e PSR P B U, Y RO oo +

3 : x X K -

: i . B T T 1 T T s et T T S S e SN S | =

E | " X XK K KK K K KK KX A 1
x ARk ORIOK K KIRE NKKRORE X KK ' 3
X MK X X XK WK K RKKKER K K X X 4

. X K ORRKK KKKK K Kk K OKKKER KKK % ¥ X : E

! <20 ¢ Qb == e m e e emmor e o R Ko B A AR K K K AR - o o3 K = KKK . E,

. : XK X KK K RKKKKE K X ¥ RKKX ‘ E

P ‘ , X X x *x ¥ X :

3 : * X Xk X :

f X %

i B0 o Qe erm o m e om et e s R e o o o o e e o e KKK KK

- [ XK X KK X KKK

3 ' KKIKK K X KRKK KK KKK KKK

& WK KK KK HOROOOROKK SRR XK K X :

g XXk KK KK X 2

= T T s St e e R e e ekt |

75 90, 105. 120, 135, 150, 1645, 180,

E : (a) All Points

3 s 3
| ;

) f
S ]
éi ! . :

T T Y, TR PR IOURY PRI SR SEYSNREY NN Y U QU S : 3

'_d' IO T T Lk, ST T PR ERITPRE Sy PR S IR THNIFE EEIPVRSS §

, ‘ * X
x x X K * X X X ¥ %
BT e} SO (AP US PSSO S ' UNSISY OUUSgUSUPSIREY RSO Y SR

«: b B o 3 S S S . T TR SR St 2

Y
180,

280 4 Q= e s e o e
75, 90, 1085, 120,

! (b) Averages

*q

o
! at 23 cm Wavelength, Horizontal kolarization

! teg = 70%, 6, = 75°, y, = 100 fr, x, = 18480 fc,
= 6000 ft; data taken from entire pass)

a;! | Figure E-8. o_ vs by for Pass 11, Flight 7/17/76

Y2

o ——— ————t— - i —

{ E-9




o) g (b i e s e Wormdp mo s tie e o e B e T
X% 4 x
x XRY. X X x
X K X kx k¥ ok K KR ke X kX X X
EOKOKK K KK KOKKRKRRN xRk Rkk Xk X % ¥ X
ESTI VL T ReR SRy ST TE ST TR ST P L PP T E rd B LRt tol Bt BEF 3 Eehahebaai |
XK K XKKK % Xk ”
¥ Okk X K ¥ X% &

X KKK K ¥ XK ¥ 3
' X okK XX X% .13
:!0 . U.'.._... PO -’-.-.-..‘.-...‘..,-.-_.‘.-._....._-.__.,.."-.,..._.-._. .4,..-‘+..—-.,-. _.,..‘.._.4.' - .,.-.v._*‘.. ..‘.+........*.,.,.,. . ' ‘

ey mm i g+ s b+ T

XX X X
X KK K XX
® ) I ¢ ¢
HRNK
..30. 0.| [ ——— .,.-—»+., e e '_ [ +.. . e ,,.._...._.“._....... ..........,*‘._-_.._'._+*'***— *-*
' : XKk KK bRk Rk kK
- ! ¥no X KRRERXF RN K
| Xk K %k RKRKEROORK K KX
: - K K KK KK K X
=40 ¢ Ot T e e T, SR R e
75, 90, 1085, 126, 135, 150, 165, 189,

(a) All Points

Gl Gty S
L

S 1 3 T e e S IR Tt o .

R ¥
- R X X b 4
3 ; BT Y DA CPNDINSUNIS SIS S S T SR SRS BEE SESEES S EE S
X X
X X K
x

) Ll

._Llo . ()+-.......—..._..... -+_...--.4._ _— ._+__.__.._....._-.._+._.._.—.__.__,._+...4_._.. v svmn s e 4 .-—+......_. - ———

vmre ey =

30, 0+—‘J“--——-—'—-‘f~—--—‘~.~'-—-’+-a--»»---n——-—-——-.-n'---—d‘-——-»rn— -~+-u._. et .,.{._....-A.,.-A.-.-._.‘_

{

E O T 3 T S U B i SRRt [RUSN URSRU POP

: 7%, ?0. 100 120. 135, 150. 165, 160.
i

! (b) Averages

Figure E-9. 0, VS 0, for Pass 12, Flight 7/17/76
at 23 cm Wavelength, Horizontal Polarization
; (s, = 70°, 8, = 70° y, = 100 fr, x, = 18480 fr,

Yy 8000 ft; data taken from entire pass) .

E-10




¢ ™

R R ] R D Bl e B e e L S D T e e T
% » K kRRX K X KK X L2 3 B ¢ 4 {
EEEX X MK KR RHORROKKKKER K ¥ kg Rk
X KRRk KRk ok Wk xkk X nxk L .
REER K RRRNKK KK X Mk X * :
B L T2 T R Oy g s e gt g e P

x LSS 2R R I
% x *

B L ¥ 5 e e e N U N S Rr X
P T 9 T o Ry PRSI [0S A g Y NP e

B SN A O SO UG WIS IO U I 1
0. 15, 30, 45. 60 78 ?0. 105,

(a) All Pnints

) QW= Mmoo e e s aime ey s e e
*

X % X X X X Kk K X Kk X
X *

B T oS TSR [ U USSR IRV IRUESIOT SRS U SISO SHpIESUS ¥

B T 1 3 T S T R B ek Sahet TR LR 3 f

—.30.o+‘.»n__...——.v-'.—-------»:--»- 4’._,_._......._......_..’_._..,..v,,_ R T E P ...-v..q'. [ e me e e

U YN, Y Wy Yo G O N S ¥ S |
0. 15, 30, A5, 40, 75, ?0. 10%.

(b) Avcrages

Figure E-10. o, vs ¢  for Pass 3, Flight 7/17/76 ‘
at 3 cm Wavelength, Horizontal Polarization
(6, = 80°, o, = 80°, y; = 100 fr, x, = 21120 ft,

Yy = 4000 ft; data taken from entire pass)

E-11




“0 4 Qe e e e e Tt T S N pommmm e -4

3 3 . X LI
10,04 mm e e e — s e el R R R W = - MR = M- = KK
AORKERK RRRARR RHRE X RKG KRR RN
Xk K kK KRK OOKE KRKKERKE ROKRERR IR K0k

ey o e

) X OREKKKEE KK KKKKEKKX X XX RREKKKKRERR RN K
: K WEX BER K XEKK KK KNOOKR KKOOKK KKK K X
. LT 1 1 S B £ I L0t SISk EEN T TS PR SRR RIS TR o S -k ¥
! X * XKk K KKK RN *K X
P X X kX x K kKK L3 X
y . % X X LTI T XX x
. X K XK I TR
E ~B0 O~ rm e e o e e o K R KA K e e e o
» |
- S r X
L
E
LN ~60,0-=mrmemsm $mcmenne Rt SRR N o mm e Frmmmim e +
: M 75. 90, 105. 120. 135, 150. 165, 180.
|
L (a) All Points
iy
. i
Zo I )
g Y Y SO PR— prommmmmmm S e P — TS +
-
!
i ! =10 04=mmemme toem ke e R Rt R Frmem——— +
: . K X X X k%
: X XK K X K X
_ : x X ¥ X X
- ~204 04 rovemmm e e N From e pomm e e +
.. N X
. ¢
o 3R : B T T 1 T Sy e e S Tkt &
F
> }
: i

- -4.'_.........-.....__. . ’._.............- .-..+._._...-.........‘..‘.

Yo P o) TT QU WSSO WPPTOTRIN St
75, ?0. 105, 120, 135, 150. 165, 180,

(b) Averages

T G g

«.';€ Figure E-11. o, vs ¢, for Pass 9, Flight 7/17/76 }
- at 3 cm Wavelength, Horizontal Polarization i
: {8, = 80°, 0, = 807, y, = 100 fr, x, = 18480 f:, 4

Yo 4000 ft; data taken from eutire pass) .

E-12




x % . x X
<104 0bmmmmmmm o R e R R K R e o R e R e +
X X ’ X X X

~30, 04~ ~mummn D e e T A nee e oo +

Q) ¢ Qb = e e mme e i e T WU S S S R +
0. ERT 30. 45, &0 75 . 90, 3105,

(a) All Points

L o N ¢ F R R T ttad Akt R H R e it T LT TR 3

%
X * Kk

B T L S s Tt T T e e LIS TEe
VS >

L I
X *

L Y 2 e et B e

—.30 ‘o+.-..........-....,...+...._~,..4....-._.+_... - ..-+........ ...........,.-‘,.. s 12 ot e o o e e e '...........‘_...-..,.'

B e R L RN 3

~Q0 O~ e e e
O, 1:‘0 300 45‘0 600 759, 90. 1050

(v) Averages

Figure E-12, 0y VS ¢, for Pass 4, Flight 7/17/76
at 3 cm Wavelength, Horizontal Polarization
(0, = 80%, v, = 75% y; = 100 fr, x, = 20060 fr,
Yy, = 6000 ft; data taken from enrire pass)

E-13

e R e e e B i s o irp e

R




=04 O pmm——— $omemmn e e e T SR e +
X
K % X xx X X
XK KK REEE KRKKEX
, Rl X KK KKK KRKX X
~10,0bmmmmmmmm o Fromammes = o S o Lt T LI e T
) : ‘ : X X %

.-30.0.’.“..... S +-.-............. ......+..............—.»_+.............-.-n.-+—......,.-...--....-'._.......-».....4...’...,-.._-...-.....f

5 Y Y+ Y T vINGUIS (SRR S SVIOUINUPNY SUSUSRSU)QUIRSPURGY SSSPUPRM U NTOR GFURp LR SR WS

: 78, 90, 105, 120, 135, 150, 1635, 180,
- _

- (&) All Points

|

2

S

3

3 R 3 U A P g Vg 0t S RSO

X X ¥ x X
BT T ¢ ] SO rUOUUUIU PRI J SR OIPUI DU SIS TN SRR RV EREUYRIN )

P s et e b v == im . e e = i

I T X T S LT LT T S Bl LTI T ISP RaS J

—30.0.’- - »....--.,.__....'......_.._..._ e g

L, R T e P bt ¥

'4000""""“"""“""" B ek T R T I R Akt E LR
75, 90, 105, 120. 135, 150, 1465, 180,

(b) Avecagcs

Figure E-13. o, vs ¢, for Pass 7, Flight 7/17/76
at 2 cm Wavelengtl, Horizontal Polarization
(6, = 80%, 0, = 757, y; = 100 fr, x, = 18740 f,

yo = 6000 ft; data taken from entire pass)

E-14

. iR

0 ot A b RNl

i i g

PR




d
-
i
- |
<
.
!
1
v
y i
-l
-3
%
1
i |

W o e

Qe Ot mmmmm o= S e T ST L o —— frmame e —————— +
. L ‘
. X X
] X wAE KK *
KR KKK KKK Kk RR Nk KX N X
10 0HRMEE e R e mm e ORI = K o I = 5 e e e e s et
XK X KKX X% X KKK X
L SN OREEK X X K X
e X X ¥ X
KK K REX
w0 QMM = rm o m e o e e e e e e
f »* N

L ¢ T B B T e T et S b L Lt TP P

< By Qs e e s s i e e o o o e 2 o 4 e s e o e e b o
0, 15. 30, 5. 60, 70 90, 105,

(a) All Points

_o . °+.._..-.,._._......+..._—...,-...._.....'...‘...,.4._..A.......+..4.. .4......._,,.-+<.....~..._..........+..... .“..—...—+_._-..........,..'

X X
L . 1
L S, §
B T L e B T Tr CIy Tt Suuiuytyt ORI UPRPEY ISP DU §

x x X X
X

B T L T T S ST S
—30 . o+u.-.,-..._.-..-...+..__.. ....-......'................-..._+..._.‘............_+........ - ....+......_.... PP TR ‘ - .,...._....’.

B ¢ Qe oo oo b oo s e o e e e e e e s i o m m m  wr m fm me mem m am
0. 15. 30. 43, 60. 75 90 105,

(b) Averages

Figure E-14. o  vs ¢ for Pass 5, Flight 7/17/76
at 3 cm Wavelength, Horlzontal Polarization
(6, = 80°, o, = 70%, y, = 100 ft, x, = 18480 ft,

yy ™ 8000 ft; data taken from entlre pass)

E-15




E| . |
3 E |
E 2
Z 3
| 3
& N TY e R LT $orem m et DTS po -t 3
k| LI T % x g
: KMk KK BER X NEK RK H
. X KKK KKK KRR XX X i
- XXX BE K X KK X R X 3
; ~10. 04 mmmmmmm Fomm Frmmm—— (TSR e . el %+ .
| L * * LN L S T 4
£ .
. =20,04-mmmm e e N e s st s tommm——— + :
;' i
E | ~30 4 Q4= em O pom e et T $me e T * !
= | "
£ i
E i !
E 3 40, 04 =wrmm o oo e et et T fo o +
E | 75, 90, 105, 120, 135, 150, 165, 180,
e |
él | (a) All Points
| )
%
S Y Y S— A P fommmm e b mmmmm P PR + ’
§ |
P *
i KX X £ X % X%
\; X
| “10,04~—mmmmcm e e e pormmmeemm o $ommmm e +
# * 4
3
| S LYY — T YOR— (B—— TN RN T O P +
i
i
!
! -30,04=m~mrmm—m o ——— o fomm e R R o +
i
} .
! i
: BT Seoem— PO —— TR TOO— P — Foommmmn TSR 3
' 7%, 90, 105. 120, 135, 150, 165, 180,
, (b) Averages 1
l ! i
3 { Figure E-15. o, vs ¢ for Pass 6, Flight 7/17/76 ‘
3 ' at 3 cm Wavelength, Horizeonmtal Polarization ;
. | (6, = 80°%, 6, = 70%, y, = 100 ftr, x, = 18480 ft, & 3
A ; y, = 8000 ft; data taken from entire pass) 3
l E-16 - ¥




! - .
|
1
-0,04 e o ——— . Sty DU st g YT SE B8 B
3 L] BORE % ER KB KRR KK kN
2 B KK KX KRR RARRN
! MR K KR RERERER K RKRRKE KRKERKRRKK
; BN RKKKEK KK KKK K KK K KRRK K
- ~10.04mmmmann oo e R e e e R R KKK R KRR +
: -  x ] X XX *
. * X * LI
: ' 20, 0= mm e oo T e e dome e $rmmmmmmme +
i
E i ~30,04=mmmmmmm Frommmmee O T $omem e TP o e b
|
g |
- 40,04 mmmmmmn oo aean 4o dm e oo e o o e +
3 | 754 20, 105, 120, 135, 150, 165, 160,
y 1
3 (a) All Points
B |
SR
2
S ~04 04 mmrmmmne e P e o o e e +
4 : *
: KX X X
X % P I |
X X X
e L ety o Fom e pm e oo poem e +
- X
|
o
E =20, 04 =~meomem L et e Foamm——— prmm e Foesem e et +
k|
P
k)
- |
» =304 04 mmmorcee e $ommm R oo e L Foomrm e e S il +
\ @
- |
¥y
E | A0 ¢ O m s fommeeme et oo mm e o et +
= 75, 70, 105, 120, 135, 150. 165. 180.
. 5 I (b) Averages
[

Figure E-16. Uy V8 ¢4 for Pass 10, Flight 7/17/76
at 3 cm Wavelength, Horizontal Polarization
(8, = 70°, 6, = B0%, y, = 100 ft, x, = 18740 ft,

Yo = 4000 ft; data taken from entire pass)

E-17

) e e e hen

ORI T r{ o 1 N TR e




———— — = e = =W = ==F

o e o -+

) *

=104 04=mmmmmmme oo e T e LT SR R et | L +
- * KK KRk kN KKKk -

x Rk KKKKE K XK K RKKEKKRKKN K KX

X K % % X OKN KKKKE KK ¥ K X X
XX X R K & Kk KK RKK K K KKN .

=20, Q=mmemn e Rt g BES 11 SRR DT T R S I R BT T Y 3

. . LIt XK RRKRREK KKAHKK KK KK XK
XX o X % XK X %
X% e
T x " XORRKK KA 4
~30 4 0t~ e D fommn R e T o B L1 1 3
KKK X K KRR KK KKk KKKk 3
KKK KR RRRARKKRRR JODKKKK KK K X 3
X Kk Kk KK K i
3
x - 40,0t~ === e e e pommmmm e $om e = pommmm—— + E
i 75 90, 105, 120, 135, 150, 165, 180, 4
) 2
(a) All Points é
|
. v
; T T — T — e S—— o b + v
i .
g Y et e T e S GO
3
£ X XX X Ok % Kk K X X N ,
~20404-=mmmmn - Formme s B m e S e e T e e T PR —— +
]

ES {1 70 ¢ 1 SECERPETRTy SR YRR | BT e N QRO ¥ )
| ;
! ~A40 Ot~ orm e e B RS Fommem e e e e o s b e fom o —— + ;
I 75. 901 1050 120' 1-550 150. iblt 190.
| (b) Averages 3
| .
|
v

Figure E-17. 9, V8 ¢, for Pass 11, Flight 7/17/76
at 3 cm Wavelength, Horizontal Polarization
(8, = 70°, 6, = 75°, y, = 100 ftr, x, = 18480 ft,

yo = 6000 ft; data taken from entire pass)

b RLR Lol 5 R, v £ o e

E-18




“Q ¢ Qb ranm e oo fommme W= m e pomim S el $mmmme e + i
X ¥ ] 3
x R I T L )
XKk - ok Kk X KK Ak XK RR K K ¥ KK X i
KRR R KK OOOOOOKRKKKK R KR OKKRRKN KK :
=10, 04=—mnimmmn A me e $o g R RRORRRR KRR — -~ ~ = - RO R = :
. . L S ] KRKEK kKRR Ok KKK :
' X L KRXKK ¥ RKEN KK X A
x X OREK K K KK X :
v LTI I /
~20,04==mwmmee e R o Fmsmm e e R e 1 :
: LI T ;
KOKK K KX 1
t A XX oRX i
, ' HKKX :
: =304 O mmnmmmn TR $mmmm e e e prmomm O .t L B B i
| N K kK KK KK K kK KN !
KK X 00RkE kRxE ‘

* Xk KR ,
X X !
~40 4 04— =—mum $om oo T e $mmm e oo m e Tt + ;

75, 90, 105, 120, 135, 150, 145, 180,

(a) All Points :

{ J
] .
I A J "000+""—"""""'0""‘""““'“'“4‘""'-—"—“‘"f""‘""'""'**"f"'""""“"-—'+-""-'—"‘"'—+"'"—"""""1'

1 * * E
P X % Xk X X % ;
Lo ~10,04==~mmmmes o o e It EEEE D et SRR S LR + , 3
N X X x x

'
: BT Yy Se— TS b T TR T, pommmpmmn + ‘
! 4
bl I T — FR—— frmm e TS o o e e + : ;
...40.°+......._....—_u—........-——.-...-_..‘4.....-_.,‘...._-.\’.....,.-..-..-.4--..',.4.,..............“-.+.......-..,.-.-.....«’._..—..—~---.+ !l
75, 90, 105, 120, 135. 150. 1465, i80. ) )
(b) Averages g
v 1
i
b4 i
Figure E-138. O, VB 34 for Pass 12, Flight 7/17/76
at 3 cm Vavelength, Horizontal Polarization
(6, = 70°, o, = 70°, y; = 100 fr, x, = 18480 ft, ,
¥y, = 8000 fr; data taken from entire pass) ‘
I3
E-19
¥ T




L ——————

s ; " U . [ _ _ iy B
%%;
ST T T U PR $omrmnmn prmr + 3
LI 3
8 x 3
x % 3 =
% X . E
=20, 04=B=Romm o e $omis T T T |
"0 X x - E
kX 'y -
x XX % x E
x x % N
-30,04-mmm—mm L LT B e e TR S S E
R | X X E
¥ xR
* * x
. 3
=40, 0t =m e . T Formmmme pommmm dommmmm o et + =
x 5
x :
ST YL r—— o I ORI $om e PSS PO + ‘
0. 15, 30. A5, 60, 7%, 90, 105, :
(a) All Points
‘.
14
~10, O mm e m oo e N Hmmm e D e O + v
X
X
20, Q4= —mmmnmtp 4= pomene b pmmm Fommrmrm + :
x X % % X >
X X :
-30,04m=m—mmmm $ommn $mmmm b o e fomm pomm e + ‘
X
T T et B T e S S L 3
~50 4 04 =~ mmm prmmmme o o Fmmm e oo T + I
0. 15. 30, 45, 40, 75, 90. 105, :
;
(b) Averages :
!
3
3
Figure E-19. 0, vs ¢, for Pass 2, Flight 7/9/76 <
at 23 cm Wavelength, Horizontal Polarization -2

(6, = 85°, 0 = 80°%, y, = 45 fr, x, = 14700 ft,
¥y = 3200 fr; data taken from entire pasas)

E-20

o il




i
!
: i
=200t wmm e o et SRR L et $ormm e + i
T _ '
_20'°+._—__-..——‘_..._...._‘-+-_...._.-_..+_.--—_ - — '.....,.......... ........‘...,.. - ._+....-._.... -_,.....+ ‘
* 1 % : :
x K ;
x X ; :
K x 1 x :
~30. 04~ e LT mrme—— - S, $mmm e + ;
X K i
x x % i
x x X
X X X x i
=40, 04~ ~Mmm s e e Rom o e e e e e foemerm i Fomm i e o e -4 1
% x :
* :
50Ot mmm S oo e $om e Tt o T NP + ?
0. 15, 30, a5, 60, 75, 90, 105,
(a) All Points ,
_10.o+_..._....._.....'.....__..._..._.+_.._...__.....+-_........_._....',_._.._._..-.....,_+..._......-.4.-......’............,..._.. .+
204 0=~ mmmmem Forem s et $omm e B T T § i
' i
X v i
x :
=30, 04mmmremnen - e e o m o F e e b
X
X .
B T ST U SO GO WU OO WY SO :
:
T R ) L e O Tk (LT eI PR NP PR EINY RN YOS SO ‘
0. 15. 30. a5, 60. 75, 90, 108, .

(b) Averages

E P

Figure E-20. O, Ve 6, for Pass 5, Flight 7/9/76
at 23 cm Wavelength, Horizontal Polarization
(6, = 85, 8, = 80°%, y, = 45 fr, x, = 15500 ft,

Yy = 3200 ft; data taken from entire pass) o

E-21

T Ty, S




" P e e e L s
s E E|
. g
E | E
| 3
i ‘ 4
|( N =
¥ B Y T + 4= Fommmm pommmr s + b,
1 : » i
3 x ® » §
" & » s :
- LT e A Fomm e R b + :
3 5% L1 ] oy
| ™w X k¥ XN :
® * * , " g
o X . !
3 L T o S S R i R + : »
| > % x x rox ok ! )
= i x X X i 3
H i ‘ i 3
E XK X ' S
ii | N T e s ] R e Fomman pomm s + o R
! ‘
2 ¥ X
. n x
A T I S TR $ommmmnn PR P $mmmem i +
| 0. 1G4 30, 45, o, 75. 90, 1035,
i (a) All Points 1
: g
- i \
| ]
| ' 3
\ “10404=~mmme—un tovmrneae L i Fom e L e~ o —— + ] H
2N B+ |
o ]
L *
= 20,04~ meemnns e fommm——— i - o R Foo + /
b l ] x L] * 4
3 J * ] E
'»! X
¥ X x X
: =300 0= ~=mmum $ommmee e e e $o e pm e T +
| g x % x
G
| ; - 40, Opmmmmmmeme TS $ommmmme PO PO A — . +
!
’ ~50 4 04— == ~—=nm $mmmm s pmmm From i o m e Forem e R +
; 0. 15, 30, a5, 60, 75, 90, 105, _
| o
! (b) Averages .
,' ! . : ».'
P o 4
Do B
! :
1 Figure E-21. o, vs ¢, for Pass 6, Flight 7/9/76 i
¥ | at 23 cm Wavelength, Horizontal Polarizatiom % :

| (6, = 85°%, o, = 80°, y, = 45 fr, x, = L4850 ft,
Yo = 3400 fr; data taken from entire pass)

; E-22




|
|
|
’ [}
! |
g i
: ~10,04mmmmm e o ——— o $em—— E 3TE SR e i e e L et + :
; ) X » !
i ’ :
; . s * * % ;
' 2 RERr x X k% K X '
L R R B e B 8 L. Ca ] ShT TRy SR U SR '
'Y o. * KK X X X K% X ‘
' r X % x X :
X £ % )
' X MKk X N !
e L L B e e RS Eaatalet LTSS P PR GNSURUNUUOIT IERIPUPIIY SIS § :
. % .
L .
X
X X XX X X
<40, 0=~ =R fpmmmrm e Komd oo o e e e e e e e e +
K :
* )
~50 . e e o Y T o n e e o im e + 3
0. 15. 30, 45, 60, 75, 90. 105, : %

(a) All Points

-10. 0+—"""""-"""“""‘""""'""—"'f""-‘"""““‘"""""""""" *....._.-..................i.—........._...~.+...._._.._..._._.',.

* ;
. «
* :
<204 OKm=mm o mpmmlhm e o R o e e pm e PO +
XX
¥ %
~30,04=nm e prmmm e T —— T TSR —-— prmm N + :

(b) Averages

Figure E-22. Oy V8 b for Pass 7, Flight 7/9/76
at 23 cm Wavelength, Horizontal Polarization
(6 = 85%, 0, = 80°, yp = 45 ft, x, = 16400 ft,

¥y = 2200 ft; data taken from entire pass)

E-23

AR o 2




) e i _ ~ e ==
! g
. §
Al
i : “040p=mmmmmme R e $romrm e pmemmme R pommm e + y
G x -
* |- x * r % - -
s { ot UTY T EEEES TS 213 Bt BES BEYS EEEEet e fomemen s 4 mmme- e + : 1
{ LI B I * ' 1
3 i s moox x x
- i % k& R
» | IR . x .
3 g 20,04~ -%~~~—~ oo e e e o e e Prmmmman +
:‘-; i *
' §
] i ’\ H
1 T Y r—— T S PO TORER——— PO —— T TS +
i ,
A !
L Yy Y R e meim e Fommm e b e fresnsn o on fmminm e + ]
0. 15, 30. A5, 50, 75, 90, 105.
(a) All Points
,:! 2
! “0 Qb tmmmmm e Frmmm———— o e pmmm e tmm e + v
§
: ' X '
: ¢ 10, 04—~ = e o K R oem e e oo o e +
I § X X :
. g x % i
i ' X x
¥ f ~20,04=-=- e T TR T —— o mm T— TR + ’
% i
i o
. i TS
e ! ~30.04-=+ wmmmn $ommmnen fommmma frm e e i e e R o e + .
S i
o : R
s ; 3
: ; ~40,04-~——mmmm e R o Fo e $ormermm e pom e + = 3
‘i [ 0. 15, 30. 45, 40, 75 50, 1085, ¢
- : (b) Averages ¥
o : E
4 ! . £
3 : i
l' ; :
) L4
. i i 1 ;‘
- ! = IF
3 e H A
i Figure E-23. o, v8 ¢, for Pass 2, Flight 7/9/76
i at 3 cm Wavelength, Horizontal Polarizaticn
' (0, = 85°, oy = 80°, y, = 45 fr, x, = 14700 fc,
E vy - 3200 ft; data taken from entire p.isu) :
: .
{ E-24 =




w ri e S e e s = - —m——
. {
.
E | ‘
L) | i :’
~0 s O $oommmee Fommmm—en fro L ERLTT T SRR tomm e +
-' ' .
E . “10,0% =~ K=o R e S Y S (U WU
X xx L,
N T CT T
o 3 h‘ L 3 |
; k2 X X AX
| “20,04~mhmummn '3 P P y S b R e +
vz ] X
- ™
E e L T e Tt e SO O SR SO
3 ~40, 04— wmm e tom s Fommm e e o Fomm e o mrmne e + 3
0. 15. 30, a5, 60, 75, 90, 105,

: (a) All Points

P
R T WY

. i
. “0¢ O mm e o e Fommees o e e + :
3 P T I T S— T — Fmm e T TE———— S —— T + E
X 4
' * ;
3 X * :
1 ~20 Q4 =mm e Ao Hommm e $ommmm Fomm e e T — + :
§ " ¥ ‘
; e B P tanaiat T ST QPR Sy SIS (U §
. i
B . 1
E: '
3 '
M 40, Qf=mmmr amm e S U S S U :
o3 O 5 30, 45, 60. 75. 90, 109, v
T ; ' (b) Averages '
= o [
. v :
j
, Figure E-24. ¢, Vs ¢4 for Pass 5, Flight 7/9/76 b

at 3 cm Wavelength, Horlzontal Polarization
(o, = 85°, o, = 80°, yp = 45 ft, x, = 15500 f¢,
y, = 3200 ft; data taken from entire rass)

E-25




y b . =00 $oemcmma e tomm e L tomm e e e +
* x
[ 3 L1
=10, 04Kk m AR =W = R o et ot b e st et
! ¥ "> K X% "
L 1] X
¥ L4 oK X x
N x & XX x-
X ~204 04— rRem e e Mmoo m et et EEE T po e R +
, X x X
LY %«
E
g |
i i 3040t~ Fm e et L e P R +
-4°'o+ ~~~~~~~~ + ________ + _________ + .............. +,.v. ........... ', ............ _+ [P %
= o, 15, 30, a5, 60. 75, 90. 105,
3 : _ (a) All Points
; d
4 .
H
i “0,04=nmmin e D et pommem e frommm e e s 4
' (R e B B T B it et SR ;
x ] X ;
P X * X
b “20,04=~—= Mmoo e $omm e $om e e N v
s
=
;. “30.0+“‘“'~‘"*~'-+‘“"——'-**‘-‘+"’"'—'**'""'"‘f*""'"""'“'* o e s b ot e o e e v e e .
N
oo
F
.7 : : B T T B et T ot ST Y S W S U S
. 0. 15, 30, 45, 60, 75, 90, 105,
N
. ":1 : (b) Averages
. u , [ 4
£ |
o ) .
4" S Figure E-25. o  vs ¢ for Pass 6, Flight 7/9/76 .
at 3 cm Wavelength, Horizontal Polarization
(9, = 85°, o, = 80°, yp = 45 fr, x, = 14850 ft,
¥, = 3400 ft; data taken from entire pass)

i
|
! : E-26

A D o By




s .

| .
4
I i
:
g;
1
3 =0, 0= meeimenne T e fomm e formmem fm e S e +
9
|
X . 10, 04— o meem = dommmiamee O T RO —— F R S — }
x * 4
P Y X » ¥R
i X x X Nk X *
5 O x
: ~20, 04— pomom—— O —— Fmme e b e e b +
: x
.
E | T e T T TP S ———— Y R —— T T I + '
L e @) ¢ Q= e e e en p om s o e e o < s s o o e b 3
A 0. 15, 30, a5, 40, 75, 90, 105,
B ‘ (a) All Points ;
| P 3
: o k
i _.'0
; "
l a
]
E ¥ “0 . O mmmm e o o e dor b poo e e pommm i 4 om———— +
1
. =104 Q= remommme b o Formm o fmmerm e b e for +
. XX
X XN X
x X *
X X
. e T 1 E— y SO pomr e fmmmm e DR S — TR — + |
‘. :
o | B0y O mrmmm e e e s o e o m o e e e
-
E |
-
4 40O —mmmmm y fmmmm e Y S pormm e , S O + .
3 . 0. 15, 30. 45, 60. 75, 0. 105,
: g (b) Averages ! j
i . »
. | ¢

] | Figure E-26. Iy V8 O for Pags 7, Flight 7/9/76

= : at 2 cm Wavelength, Horizontal Polarization

3 : (o, = 85°, o, = 80°, y, = 45 fr, x, = 16400 ft,
yo ™ 2200 ft; data taken from entire pass)

E-27




‘_.‘.‘,._« J‘VW

BT g

WM

CAFIC -0 LA ICAF A A ICAF I N WA HA I XA 8.

SR RA XA AW

mmwwm

RADC plans and conducts research, exploratory and advanced
developeant programs in ccmmand, control, and cossunications
(c?) activities, and in the ¢’ areas of informatiou sciences
wnd intelligeance. The principal tecinical mission areas

are communications, electromagnetic yuidance and control,
survelllance of ground and asrospace ohjects, intelligence
data collection and handling, information system techinology,
donospheric propagation, solid state sciences, microwave

' physics and electronic reliability, maintainability and

compatibility.

3

% y

""?o wi®

MISSION
of
Rmne Avr Developnwnt Center '

e ma e s

ST T DT T



